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ABSTRACT

Laboratory tests were conducted on selected granular materials
to determine the velocities of propagation of the shear and compression
vs and to evaluate the internal damping. Test variables included

the confining pressure, amplitude of vibration, void ratio of the ma-
terial, saturation, and grain size. Resonant column tests were used
for wave velocity evaluation, and the vibration decay method and static
torsion tests were used to determine damping, The granular ma“erials
used were Ottawa standard sand, two sizes of glass splicres, and a
crushed quartz.

Confining pressure had the most significant effect on velocities
of wave propagation, with velocities increasing about with the 1/4
pc r of the confining pressure, The effect of more than 200 times
jncrease in amplitude caused a reduction of wave velocity of only 10
to 15 per cent. The same order of reduction of wave velocity resulted
from an increase of void ratio from the minimum to maximum value.

‘.

Damping determined from the decay of steady state vibrations
behaved like viscous damping. The values of logarithmic decrement
varied from about 0.02 to 0.20 for these materials and test conditions.
Higher values of logarithmic decrement were Sound 1in the static torsion
tests because stresses up to 75 per cent of the failure conditions were
used.,

A brief review of the literature is included and a method is
indicat¥d for evaluating the relative importance of damping through
dissipatlon of energy by elastic waves and damping duec to inLernal
friction within the material,

\
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INTRODUCT 10N

The object of this investigation was to evaluate the influence ot
important variables on the "elastic' wave propagation and damping in sands
Thus, it is a study of material propertics alone  The results of this
type of tests provide information of the varialions to be introduced into
theorics of soil-structure interaction to account for the behavior of
real sands. Thus, the test data represent fundamental information which
may be applied to many types of design considerations,

The methods [or evaluating internal damping in the material require
calculations based on theory. The general theories available are described

in Section [ under Review of Previous Work and the details of the particular

theories and definition: to be uriized in (lancction with the test program
are given in Section II,

The terms used for damping arc applied to specify behavic: of the
sand matecial alene. Because the dynamic behavior of a soil-structure
system is sometimes defined by fitting it into the one-degree-of-freedom
system with viscous damping, theve have been numerous attempls to determine
a damping constant for the whole system. The damping constant thus deter-
mined includes both the interaal damping in the sands as well as a dissi-
pation of energy by propagation of elastic waves developed by the structure
moving against the soil, Both forms of damping are developed whether a
single impulsive load is applied or whether repeated loads occur. 1n order
to evaluate the dissipation damping which is principally a functioa of

geometry, tbe theory of an oscillator resting ovn an elastic semi-infinite




body is revicewed briefly From this example aad the test data on intevnal ,l
damping, an estimate can be made of the significance of each. It is impor-

tant to matntain the distinction between damping which occurs as energy

- —

lusses within the soil, and dissipation of energy through geometrical uis
tribution ot wave energy propagation.

In order to cvaluate the variables wnich influence the "elastic"
wave propagation and damping in sands, teste were made using a procedure
bascd on stcady state vibratfons. A column of sand encased in a rubber
membrane was placed fn a triaxial cell and excited into either longitudinal
or torsional oscillations. Measurements of the amplitude of vibration
resulting tfrom changes ot frequency and input force permitted an evaluation
of the wave propagation and internal damping in the specimen under the
particular test conditions. The effects of amplitude of resonant oscili-
ation, confining pressure, saturation, and grain characteristics were
studied.

The resonant column method was chosen in preference to the single
pulse method for this study i{n order to obtain both the longitudinal and
shear wave propagation velocities in the soil structure under controlled r
amplitude conditions. In a saturated soil, longitudinal waves are prop-
agated both in the fluild and in the soil structure and some of the test
data previvusly reported in the literature have indicated that difficulties
arise in separating the wwo effects when only transmiited pulses were used

In the resonant column method control and evaluaticn of the ampliiude of

oscillation for both longitudinal and torsional modes of oscillation is
relatively easy.

The studies of damping were carried out using the resonant column

apparatus by mcasuring the decay of amplitude of oscillation aiter the driving
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power was turncd otf, Values of the damying quantities were measured for the
same serfes of variables used tor the wave propagation stud.es, A separate
series of torsion tests using repeated static loads on a specimen of dense
Ottawa sand was conducted for the purpose of evaluating the effects £ pr
strdin and stress history on damping.

The amplitudzs of motion considered in the resonant vibration tests
varied from about 1 x 10”2 in. to 1 x 10°3 in. double amplitude in longi-
tudinal oscillation and from about 1 x 10°5 to 2.5 x 10°3 rad. double ampli-
tude in torsional oscillation. For the lower confiring pressures, the
average stresses developed by these motions awvuuced to about 20 per cent
cf the ultimate shear stress. The amplitudes were restricted to this magnitude
to ensure that the grain stiucture was not altered significantly during the
course of the test and that the wave propagation and damping values corre-
sponded to the "elastic" range. However, ir the repeated static torsion
tests the maximum stress in a few tests reached 75 per cent of the ultimate
stress. In thc test program proposed for the continuing work it is planned

to use amplituces which definitely cause a breakdown of the grain structure

and compaction of the samole during vibratory or impact loads.




1. REVIEW OF PREVIOUS WORK ON

WAVE PROPAGATION AND DAMPING IN SOILS

A. THEORIES OF ELASTIC WAVE PROPAGATION

Elzstic waves in ideal eclastic solids

In an infinite,elastic isotropic, iivmogencous body a disturbance
may be picpagated by waves of volume change, designated as the compression
wave, push wave, or P-wave, and by waves of d.stortion at constant volume
designated as the shear wave, transverse wave, or S-wave. The compression
and shear waves also transmit disturbances throughout the interior of a
semi-infinite clastic, isotropic, homogencous hody, but because of the free
surface a third type of wave appears (Rayleigh, 1885). This surface wave
has been designated as the Raylcigh wave or R-wavc, A comprehensive study
of the development and propagation of the surface Rayleigh wave caused by
an impulse applied at the surface or ar a naint below the surface of an
elastic, isotropic, homogeneous body was given by Lamb (1904). This classic
paper by Lamb is the starting point for many theories which have been
developed during the past half century for treating impulsive loadliugs
acting on various segments of the surface of the semi-infinite body. The
relationship between the velocities of the P-wave, S-wave, and R-wave has
been given by Knopoff (1952) as a function of the Poisson's ratiovji, 5

of the elastic material. The velocity of the S-wave is given by

- /5 __| S
V=N VP




in which G 1s Lhe shear modulus of elasticity, JA is the unit weight, and

/9 is the mass density of Lhe elastic material. Table I gives the ratio

of the velocitiecs of the P-wave and R-uave as a function of /Z/; and/{,L .

TABLE 1

iyt i/ 3 L
“w A% Vs
0 0.875 1.418
0.1 0.893 1.493
0.2 0.911 1.626
0.3 0.927 1.869
0.4 0.942 2.439
0.5 0.955 o0

Additional waves appear in non-isotropic or layered materials and
these are described by Leet (1950), and treated exteusively in the book
by Ewing, Jardetzky, and Press (1957). The mathematical theories which
treat the reflection, refraction, and propagation of waves into and through
elastic solids have been highly developed by mathematicians and seismolo-
gists, and are now being applied to the study of blast effects within a
semi-infinite elastic body. (See, for example, Miles (1960), Serbin (1960),
and Baron and Matthews (1961).)

Dissipation of wave energy in elastic solids

Theoretical treatments of elastic wave enerey dissipation in elastic
bodies have also develoned from Lamb (1904). Miller and Pursey (1955) deter-
mined analytically the distribution of energy between the compression, shear
and Rayleigh waves caused by a single, or a group of single loads, acting
or the surface of a semi-infinite solid. When the solid has a Poisson's

ratio of 9.25, they found for the case of a single source of vertical
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loading on the free surface that o7 per cent of the energy was dissi-
pated a vieigh (surface) wave, 26 per cent as Lhe shear wave,
and 7 per cent as a compression wave, Reissner (1937) showed that

when purely torsional oscillations were applied at the surfacc ¢t a
semi-infinite, homogeneous, isotrupic. elastic body, no surface waves
(Rayleigh waves) were deveioped, but that all the wave energy was
dircected downward into the body. Sato (1951) determined theoretically
the combination of vertical and horizontal pulsating forces acting
along the perimeter of a circle at the surface of a semi-infinite
elastic body to produce a system of waves giving no Rayleigh waves,
This treatment is of academic interest only, while Reissner's results
may lLave practical significance,

The dispersion of energy by the propagation of clastic waves out-
ward from the source establishes a quantity which may be termed a geo-
metrical or dispersion type of damping., This occurs in structure-
elastic body systems in which there is no loss of energy through internal
damping within the elastic material. The concept of energy losses
through radiation by elastic waves applies equally well to the cases of
impulsive or repeated loadings on footings supported by an elastic body,
or for the supporting portion of buried structures,

In order to illustrate the characteristics of this geometrical
type of damping, the theory for oscillators resting on the surface of
an elastic semi-infinite body is described in Section 11-D. This treat-
ment is based on the theories developed by Reissner (1936) and Sung (1953)

and includes recent elaborations prepared by Hsieh (1962),




Elastic waves in porous elastic solids

A closer approvination to the treatment of elastic waves in soils
has been made by investigators who consider the behavior of a porous elastic
solid in which the pores were filled with a viscous fluid, either air or
water. Morse (1952) considered a medium consisting of solid granular
materials and fluid which fiiled the voids, Then he assumed the grains
to be motionless and incompressible, thereby restricting his analysis to
the wave propagated in the fluid, and evaluated the dissipation of the wave
energy by viscous flow through the pores. Sato (1952) treated a sphere of
material which contained a spherical hole full of fluid. Then he replaced
this system by a sphere of different radius (but with the original com-
pressibility) of homogeneous material and determined the elastic wave
velocities rrom this adjusted structure, Thus he ignored the fluid motion,
Kosten and Zwikker (1949), Paterson (1955), Brandt (1955), and Biot (1956)
studied the elastic waves propagated in saturated porous materials, Ex-
pressions for the compression waves propagated in the fluid, and the com-
pression and shear waves propagated in the solid structure as well as the
coupling between the pore and frame waves were presented. Paterson in-
cluded his test results obtained for longitudinal waves in saturated sand
with various confining pressures, and Brandt demonstrated the correlation
between his theoretical results and previously published data,

The theories of waves propagated in porous elastic solids represent
the best approximation to granular solids when the rigidity of the structural
framework of the soils is analyzed by considering it as an aggregate of
elastic spheres. This was done first by Hara (1935), Gassman (1951) ob-
tained a solution for the propegation of elastic waves in a fluid saturated

anc dry hexagonal packing of spheres., However, he treated only the cases

{1 | ———1
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ot ro voupling nd pertect coupling between spheres and he cousidered
onl pormal contaor forces between the sphores as given by the Hertz
theot Mole recent 1y, Dutfy and Mindbin (1957) have derived the differeiit fal
sLr r telat | have considered the wave propagation ir a face-
L ¢ array ot ctastic spheres in coutact, They considered both
woal and tangent Lal contuct forces, The work of Kosten and Zwikker

! i ications by Paterson, and that of grandt, Biot, and Dufiy and
indiiu were analyzed and cvaluated for dn example corresponding to Ottawa
standard sand by Hardin (1961).

For the problem ofi a fluid-saturated aggregate of spherical particles,

the theoretical treatment indicates that the discurhed fluid wave has a
velecity slightly higher than the velocity of sound in water. This is due
to the coupled motions of the frame and the fluid. Both the rigidity of

the frame and the smaller compressibility of the solid material cause this
{ucrease in velocity. This disturbed fluid wave is neatly independent of

the presstre in the ranges normally coasidered iun soil mechanics. Both of
the frame waves, the compression and shear waves, were tound to vary with
the 1/6 power of the confining pressure, which is in accordance with the

theory of nlastic spheres in contact.

B. TESTS OF ELASTIC WAVE PROPAGAT ION

Field data

The science of scismology includes methods for evaluat ing the
effective elastic constants of the materials which form the earth. The
major part of this work has been concerncd with large volumes of materials
or distances measured in thousands of feet or miles. Hvorslev (1948) has

given a concise review of seismic methods and has compiled a diagram which




he variation ot the compression wave ve fty for soils and rocks,

T give t e variot ions [n wave velocities for material
roti categories have also been given by Murphy (1958)
(1Y d nuacrous other authors, For the purpose of {liust

Table i1 reproduces the data given by Leet,

TABLE 11
Material Velocity (ft/sec)
Sand - = - = - = - - - o oo . S 650-6500
[ORSS = = = = = = 4 o = @ m et e e o - e 4. 1000-2000
Artificial Fill = = = = = - = - - & - - - - - o o 1000-2000
Alluvium « « = = =« - = = - o o o o o 0L o . 1600-6500
Loam - - = « = = o 0 e L0 e o L - e e e e e e 2600-5900
Clay = = = =« = = « =« - - R L 3300-9200
Marl =~ - - - - -« - - - R L 5900-12,500
Salt = = = = - = o - e - e o4 f e e e - e - 15,000
Sandstone - - - - - - - - - - = = = - - = 4600-14,100
Limestone = = = = = = =« = = « = = -« - & . - .. 5600-21,000
Slate and Shale - - - - - - - - - ~ . o= - 7500-15,400
Granite = =~ = = « = = - - -« - - - - - - -4 oo 13,000-18,700

The values of velocity given in Table [l represent the range of observed
values for the materials which fall under the geneval calegosicc noted,
As a result, these values have use only as a very crude first approxi-
mation to the cumpressien wave velocity in a particular volume of soil.

In order to determine the velocities of propagation of "“elastic"
waves in solls within localized zones, Ramspeck and Muller (1936) (DEGEBO)
made extensive field tests on diffecent soils by using 4 rotacing mass type
oscillator to excite steady state waves in the soil., Their test resuits
have been reproduced repeatedly in papers written by other authors since
that time, often without a sacisfactory reference given to the source of

the information. Table II1 is a reproduction, once more, of the summary

I
I




table trom R HI Y

verted to ft/sed).

Compression Wave
Material Velocity (ft/sec)

3 m thick swamp
over sand

Flour sand

Tertiary clay-damp

Loamy fine sarnd

Damp medium sand

Jura clay, damp

0ld piled sand-slag

Medium sand and
water

Dry medium sand

Loamy sand over
marl

Gravel with stones

Damp loam

Rocky marl

Fine sand + 307
med, sand

Dry sand + lime
fragments

Med. sand-undisturbed

Marl

Gravel under 4 m
sand

Large gravel, com-
pact

Mixed sandstone

Medium hard red marl

Mixed sandstone

Because a single value of velocity was given for each type of materia’,

the information in Table 11l has often been used with considerably more

Muller (with the compression wave velocity con-

260
360
430
460
460
490
530

530
530

560
590
620
620

620

660
720
720

1080

380
1640
2130
3600

contidence than is justified.

Aliowablc Bearing
Frequency of the Lapacity of the 5oil

DEGEBO OSC LLLATOR

N

w s o
wv L



Members of the Edrthquake Research Institute in Japan have also

ade muny outstanding contributions to the study of elastic wave prupa-

atio in seils, For Instance, Nasu (1949) used a steady state oscil-
tor to detervime Lhe velocitics of the compression and shear waves i
tcam in Tokyvo and from thess measured velocivies he computed the elastic

| constants, The velocities were determined hotween the sofl surface
and a depth of 10 meters, For this materfal he found that the computed
shear modulus of elastlcity, G, and the Poisson‘s ratio varied from 670 psi
and 0.3% at the surface to 8900 psi and 0.43 at a depth of 10 meters, re-
spectively. This is one of the many illustrations from field measurements
that even for cohesive materiuls the wave velocities and elastic constants
vary markedly with depth, or overburden pressure.

The use of pulse techniques or steady state vibrations for purposes
of evaluating the properties of soil in a particular locality has been
termed "Microscismics! by Bernhard (1957) to designate the propagaticn and
evaluation of elastic waves in soils within a distance of a few hundred
feet. He has described numerous evaluations of soil properties determined
from the elastic waves generated by his s1ecially designed mechanical oscil-
lator. The use of steady state vibrations for ficld vvaluations of sub-
base conditions of highways and airports has become fairly common during the
past decade. [Van der Poel (1948, 1953), Bargstrom and Linderholm (1946),
Jones (1958{] Papers presentcd at the Symposium on Vibration Testing of
Roads and Runways, Amsterdam (1959), and Heukelom and Foster (1960), for
example, all described the techniques and significance of the results which
have been obtained by thi< method. It appears that the vibration test
represents a non-destructive dynamic equivalent of the plate bearing test,

with the added advantage that by changing the frequency, different depths
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0 be brought fnto the range of the test,
Techniques for evaluating «oil pioperties by analyzing the clastic
Wave nerated by a single impulse have, of course, been used extensively
seismological prospecting. Sece, for example, Nomzalski (1956). Urually
L exvlosion is used to generate the impulse. Reflectiorn anc refra
' techniques have alsoe been used for localized zones, particularly ia
igbway work, in which the impulse is generated by a bammer blow on the sur-
face. The purpose of this type of survey is usually to locate the interfaces
between different soil types or to determince the surface elevation of rock.
Another variation of this concept of evaluating soil constants by a pulsc
technique involves pulsing betwecn small transducers placed on or slightly
into the soil. Hamnilton, Shumway, Menard, and Shipek (1956) have used this
technique to measurce the sound velocities of sediments on the sea bottom,
By this method, they bave determined the velocity of the coupled fluid wave.
The transducers were set into the sea pottom by divers,

At the prcsent time, the use of steady state oscillators on the
ground surfacc appears to be developing into a standard tool for a localized
cvaluation of the dymamic soil constants. The procedure described by Heuk-
elom and Foster (1960) for determining the interfaces between layers in the
soil appears to work, but the theoretical justification of the reason for
plotting the measured velocity against a depth curresponding to one-half the
wave length does not appear to be rcadily available., The method of pulsing
between probes also has interesting possibilities, but for evaluation of the
frame waves, some alternate procedure should be developed to produce and

detect shear waves.




Two method ‘¢ often used in the laboratory to measure the dynamic
Y tie t rials«, 1In the first method a cylindrical column of the
@it 1 et int svnance by a variable frequency exciter, and the

wave velocities and elostic propertics are computed from the dynamic
of the sample to changes in frequency. The equations for computing
¢ clastic constants from the resondnt column tests were given by Pickett
(1945), Both longitudinal and torsional modes of oscillation are used. 1In
the second method a pulse is sent through the sample and the cime delay is
measured. A review of the sonic metfiods for determining the mechanical
properties of materials is given by Kessler and Chang (1957).

Birch and Bancroft (1938, 1938, 1940) madc extensive use of the
resonant column method for evaluating the elastic constants of rocks under
variable temperatures and pressuces up to 9000 kg/cmz. They found an appreci-
able increcase in shear wave velocity with pressure, [n tests to evaluate
the effects of frequency, they found an influcnce of less than 1 per cent
on the wave velocities within a frequency range of 140-4500 cps. DPesel-
nizk and Quterbridge (196l) also found the effect of frequency to be unim-
portant. For a range from 4 to 10’ cps the shear modulus of Solenhofen
limestone varied less than 2 per cent,

Iida (1939) also determined the elastic constants of rock by the
resonance method, then ran extensive tests on sands (Tlda 1938, 1939, 1940).
Primarily he determined the longitudinal wave velocities but he includcd
some tests for the torsional wave velocities on dry and saturated sands.

He used vertical cylinders of sand rctained only by thir cellophane shells
such that the only confining pressure of the material at any depth was pro

duced by the overburden. 1In his tests to evaluate the effects of change of

—n = @ ——
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ater ecenteut, he found that by increasing the water content, the shear
nodul was drastically reduced. as night be acticipated for sands under
conditions of low contining ptessures, He found that for a pacticular
wiat et ent . the wive velocit ies increased approximately in proportion
to the 1/6 power of the height of the specimen,

The tesults of the tests by Matsukawa and Hunter (1956), Duffy and
Miudlin (195/), Shonnon, Yammane, and Dietrich (1959), &nd ‘taylor and
Whitman (1954) were summarized in Fig. 6 of thu paper by Richart (1960).
Fram this group of test results ~n granular materials, it is seen that the
wave velocities fncrcase at a rate between the 1/4 and 1/6 power of the
coutining pressure, Further test data by Hardin (196l) on Ottawa sand
also shows this behavior. However, tor materials designated as granular
materials, Smoots, Stickel and Fischer (1961) report a much wider variation
in the effect of confining pressurc on the wave velocities, Wilson and Miller
(1901) give results for materials ranging from '"medium finc clean sand” to
"clayey gravelly sand'" and found the slopes ot the compression wave velocity
vs. confining pressure curves (plotted on rhe log-log scale) to be 1/6 or
lower, Generally the clean materials followed the 1/o slope and the ma-
terials having some clay content showed the flatter slope.

From the test results gathered together up to the present time, 1t
appears that the elastic wave velocities (both compression and shear for
clean granular materials) increase about in proportion to the 1/6 power of
the confining pressure at relatively high pressures, and may drop off to
about proportional to the 1/4 power at low or moderate pressures. This
means that the elastic moduli vary with a power of the confining pressure
between 0.33 and 0,50. Hardin (1961) showed the influence of change in void

ratio for Ottawa standard sand, which brings out the possipility that some



of th teoper slope ude the
ror silt i the effect

leirly def lo ne data on clays

cffect t vold ratie changes,

of confining pressure are not yet

shown by Brandt (1995), 4and that given

/ and Dict h (1961) illustrate exticme ranges of the effe

if ining pressure on the "ession wave velocity. A few pilot tests bv

Hardin (1961) help to point out some of the problems involved in test ing

fine-grained materials by the resonance method, Hardin used crushed quartz

powder of which 100 per cent passed the No. 200 sieve and about 80 per cent

passed the No. 400 sicve. The minunum and maximum void ratios obtained for

this material were 0.76 and 3.05. As

the pressure was increased to the next

test pressure, consolidation of the material occurred and moved the dynamic

response of the specimen into the regime of the pew slightly lower void

ratio. As 7 result of the consolidation which occurred the process of

increasing the test pressures, the resultant test curve had a slope greater

than 1/6. Upon reducing the pressure

by increments, and measuring the

dynamic properties at each of these steps, it was found that the effect of

pressure was relatively insignificant

because the shear wave velocity varied

approximately as the 1/11 power of the pressire value,

The pulse method has been used

for studying the effects of consolida-

tion un elastic wave velocities and dynamic moduldi, Laughton (1957) deter-

mined the variation of the compression wave with confining pressure, and

Wnitman, Roberts, and Mio (1960) have
with respect to the effects of degree
new information obtained by the pulse

ticularly well suited for the problem

reviewed Laughton‘’s work particularly
of consolidation, as well as contributing
method. The pulse method is par-

of measuring the difference between the

elastic wave velocities in the horizontal and vertiral directions, Ward,

Samuels, and Rutler (1959) used the pulse technique on undisturbed blocks

3



appar Iv with no coofining pressure. {n order to determine the

coust ant s,
Thus, for f ained we bave the problem of consolidation
the o Toading, and ifter unleiding we have the effect o
: Lemat ¢ and comprehensive investigation st be made o

the effects of soil composition and structure, water content, con

fininy pressure, prestress, and other variobles on the dyvnamic propert{es
of silts and clay =oils,

It should be noted that much of the significart work in the dynamic
properties of sofls has been carried vut within the past ten years, and
that an accelerated activity has occurred within the past three or four

years,

C. _DAMPING OF ELASTIC WAVES 1N SOILS

Many field investigations have been maide of the effccts ot elastic
wave propagation and its effect oun structures at some distance from the
source of vibrations, Crandell (1949) reduced the ohservations from
numerous tests of blasting and its effects on structures to equations and

design charts which may be used to prevent structural damige., Steffens

(1952) and the Building Research Station (1955) have determiued the vibration

intensity which causes various degrees of structural damage, and Reiher
and Meister (1931) have determined the human sensitivity to vibrations.
These studics represent analyses of the effects of vibrat{ons which may be
transmitted through soils., What is lacking is a good understanding of the
propagation and dissipation of this wave energy between tbe source and the

responding structure,



Elasti aves which are developed from a localised source decrease
litude with distance from the source. For the elastic, isotropic
creous, semi-infinite body, Lamb (19C%) found that both the horizontal

i vertical componests of the Rayleigh wave ampiicude dimivisb accor
to the law of annular divergence (i.c. w.-h V3 é ). lnls reduct lon oL wive
>litude is due tu geometry alonc, because the assumptioun uf av [dedl
elastic body precludcs energy losses because of internal damping within
the medium.

In soils, it is desirab.. tnat the wave energy developed by blast
loads, pile driving, rcciprocating machinery, or construction vperations he
absurbed by the supporting soil and not transmitted to neighboring structures.
Consequently, it is desirable to evaluate the factors that contribute to the
damping capacity of different types of soils

Mintrop (1911) made the first comprehensive study of the energy trans-
mitted through soils to nearby structures. He used a single impact developed
by dropping a 4000 kg ball through a disrance of 14 meters. and using a
seismograph which had a magnification of 50,000 times, he obtained readings
up to 2.5 km away. The soil was a stiff clay. He also used steady state
vibrations which were generated by horizontal-cylinder type coal-gas eungines
which operated at 140-160 rpm and generated large unbalanced forces (up to
17,000 kg horizontally, 25,000 kg vertically). Readings were made 400 m
away. Bornitz (1931) made sim!lar observations in the neighborhoud of a
large bore, slow speed machine, and took measurcments at different depths
on the boundary of a convenient vertical mine shaft, down to a depth of 250 m.

He described the amplitude of the propagated wave as

v ‘""(X(Xn‘x/)
=915 ¢

”



here &, is the amplitude at distance Sy o Y, 1s the amplitude at a
distaace A, , and X is defined as an absorbtion coerficient (in ciwe
e tecent literature on acoustics, the quantity X corresponds to th

(ftivient of attenuition, which 15 a measure of the decay In ivtensit

=l fth distance) Hol L@, [(l=2) e i S M
itude vaiies both as a function of the annular divergence, as noted by

b (l904), and as a function c¢f the absorbtion coefficient, ¢4 . Values
> f were determined as 0.00001/m for the mirshy soil of the Oder rive:
flats, 0.001/m for a deposit of loamy, clayey soil, and 0.003/m for a layer
of fine-grained, dense dry sand over a laver of heavy clay. These are only
representative values, obtained for a particular amplitude of vibration at
4 particular frequency.

Experimental results of the damping in various solid and granular

materials have shown that damping occurs even for very small strains,
Often this damping effect, or the deviation {rom Hooke's law, is not of
practical importance but it is of considerobic interest to evaluate the

quantities which influence its magnitude. The tests on steel spheres by

Duffy and Mindlin (1957) found that the logarithmic decremcnc was independent

of the amplitude of vibration within the range ewpicvod.  The energy dissi-
pated per cycle varied with the square of this amplitude instead of as

the cube, as predicted by theory. Knopoff and MacDonald (1958) found

that the specific dissipation function (which contains the coefficient of
attenuation, (X ; was indcpendent of the frequency over a range of 10°2

to 107 cps for snlids other than ferromagnetic material. Data for Amherst
sandstone shows that the lugarithmic decrement was independent of frequencv

in the dry condition, but that it depended on frequency in the moi1st state.
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Numcrous other studies have been made of parts of the preblem of
elastic wave damping in solid materials, granular materials, or suspensions.
Papers by Hamilton (1956), Nyborg, Rudnick, and Schilling (1950), Shumway

(1960), to note a few, have ecach treated a part of the probiem by studyi:

selected materials,







11, REVIEW OF FUNDAMENTAL CONCEPTS

FOR DAMPING AND WAVE PROPAGATION

A, ONE-DEGREE-OF-FREEDOM VIBRATIONS WITH VISCOUS DAMPING

Because the terms and cquations corresponding to ciis theory are

applied so frequently for evaluation of damping, a brief review is justified.

The components of the vibrating
systems, shown in Fig. 2-1, are a single
weight W which slides on a frictionless
base, an elastic spring with a spring constant
1é , a dashpot or viscous damper which
develops a force directly proportioral
to the velocity, and a force Q(t) varying
with time. By use of D'Alembert's principle,

the equation of equilibrium at any instant is

o X dx
il + A X

\Dlg

Fig. 2-1

= Qk8) 2-1)

Determination of logarithmic decrement from free vitrations with viscous

damping

For the special case when Q(v) = O, we have {ree vibrations with

viscous damping and Eq. (2-1) may be rearranged to read,
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o *x 2 alx ) (2-2)
172 + 7 di +w X =0
in which m __ﬂ
gL
and u): 2 4é
w

The smallest amoun: of damping rcquired to prevent periodic motion is

called the "critical damping." 1Its value is expressed by

Co =2mw =2/77;4—,£ = 27/79/77 (2-3)

The case of most interest for the material damping problem is that for

underdamping, in which periodic motion occurs with amplitudes decreacing

with time, For this case the solution of Eq. (2-2) is

_Ly

@
Vo 7 2m Xo
Xz €2m X, €OS /a)i-(z%.,)z t *V;Tz(;c_? sin w’“-(Ec-,;)i 1l eo
m .

in which Xo is an initial displacement at time ¢t = 0
V. is an initial velocity at time t = QO
e is the base of natural logarithms.

On a plot of displacement vs. time (Fig. 2-2), Eq. (2-3) defines a sinusoidal

Lype curve with decreasing amplitude.




If we take advantage of the fact that the maximum point on the sin curve {is

-£ ¢
very close to the point of tangency with the (4 am curve, we can
approximate the ratio of successive peaks, )ﬂ and Xz , at the times
t, and tz . The interval té = Z reproacnte the nerviod, T.  Thug

-£ £
2

-_,\/_2. _ (4 zm - e-z—c,—n[tz-tl) - e-zs—mT (2-5)
XI e_z-c;:'nt'

The period is equal to the reciprocal of the frequency of oscillation, or

o il
4 4 = /wz_/z_%}e (2-6)

Then by substituting Eq. (2-6) into (2-5) and taking the logarithm of

both sides,

’




Xz 27 7}-

- LY
X, 2”’ -sz —( ) erw \// c_
Cu
2 C
S 11C -7) =
or aén & - ITCC, - é-\ - LOGARITHMIC DECREMENT (2-7) .
X, T’ ~L \2 i
From Eq. (2-7) it is evident that for small values of £ ,
(744
§ =~ 21—
Cc,?
rforced vibrations with viscous damping
When the exciting force has the form
Q(t) = Q/ Sin w ZL
in which Qr is a constant, the solution of Eq. (2-1) determines the ampli-
tude-frequency relation
Q’/,é

X = (2-8)

S -@ T s ey

Since Gy,é represents the static displacement, Xs , of the system
under an impused force of magnitude Q Eq. (2-8) is often rearranged as
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—)C = [ N w,)z]z ., [29 -u_,l_]z (2-9)

w Cen W ]

and is represented graphically in Fig., 2-3.
The exciting force may also be developed by an unbalanced mass
at an eccentric radius E?/ rotating at the exciting frequency

Ther.

Q) =me w? sin w, ¢ (2-10)

With rhe exciting force defined by Eq. (2-10) the solution of Eq. (2-4)

is

Lo ()

w,)2]2 Cc  wn2 (2-11)
[/ —(_a—)' ] + l:z Cer (J)]

Fig. (2-6) illustrates the relation between ii//hZGZ and the fre-
m
quency ratio CU,/QU for different values of the damping ratio C)/CCR

Damping determined from the amplitude-frequency curve

From computations based on Eq. (2-9) for the constant force type of
cxcitation the logarithmic decrement can be defined in terms taken directly
from an experimental amplitude-frequency curve. Tt depends primarily on

the frequency range bounded by the curve at a specified amplitude. The




“ goeneral expression is
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s f
.- 41/ fta) 7\ )
IR Y, zf;)(/—/c%)z}_, o

Usually the terms in the brackets are nearly equal

to 1 O For convenience, Eq (2-12) is often used

LY

in onc of the following forms

MrpPE TS S FrARAT 0N

5\= /8/4 4 ﬂ'r/t‘).54m/ax.

.
REFOVANT ___ |
R EELERTY

A
o
, . §= 1 A Far 0.707Amax. - 1
. .
Fig. 2-5

B. ADDITIONAL METHODS FOR EVALUALING MATERIAL DAMPING

The literature covering internal demping in materials, particularly
for metals, is voluminous. An indication of the type of work represented
in these studies may be fuund in the refe::nces in the report of Jensen
(1959) or in the bibliography prepared by Demer (1956). The tcrminoiogy
and definitions used in the follcwing paragraphs will follow those given by
Jensen,

One list of the quantitative expressions used to define the internal
damping of materials includes: viscosity, damping capacity, constant of

l internal friction, hysteretic constant, specific damping capacity, log-

arithmic decrement, elastic-phase constant, and coefficient of internal

’q.wur.
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friction,

uther terms which may be added to this Llist are: damping
‘ modulus, resonance-amplitication factor, damping factor, specific dampii,
‘ cnergy, stiess-strajn phase avgle, specific dissipation function, and
aLtenuat for
Of these terms, the logarithnic decrement was described by Eq. (.2 /)
and the resonance-amplification factor was described graphically bv

Fig. (2-3) and {its relation to the logarithmic decrement was defined by

Specific damping capacity

The term "specific damping capacity' has been used to indicate the

ratio of the energy absorbed in one cyclc of vibratjon to the potential

energy 4t meximum displacement in that cycle. The "dumping capacity"

thus defined has a fairly wide acceptance and may be expressed in per cent
or as a decimal. In terms of the stress-strain diagram the damping capacity
represents the ratio of the area enclosed by the hysteresis loop to the

total arez under the input curve, or

1 e (2.13)
£ W

The relationship between the specific damping capacity and the logarithmic

decrement for a particular decay curve is

b = (/ _ e-zd'




By expanding. @ » into a

series, Bq. (2-14) becomes

7/...__27_.1...(3_/..2.»... w

’ o
=

and for small values of J, /U'-'ZJ

Attenuation constant and specif-

ic dissipation function

Often it is desirable
to evaluate the decrease in am-
plitude of vibration as a func-
tion of distance from a source. In addition to the reduction in amplitude
caused hy geometrical dispersion of the wave cnergy there is s reduction
cavsed by energy losses within the soil. This is designated an "attenu-
ation," a measure of energy loss as a function of distance and it is

measured in terms of the coefficient of attenuation, & . The coef-

ficient of attenuation is relatad to the legarithmic decrement by

J .. 2HCot (2-16)
w

in which C is the phase velocity and w/z” is the frequency of the
propagating wave,
A variation of this attenuation zonstant determines the specific

dissipation function, I/Q . Thus the relation is




i GEx e

20(6 (2-17)

Summary of the quantities used to evaluate damping trom linear onec-degrcc-

of -freedom system with viscous damp ing

A = amplitude of the vibrations at a given frequency €
A = maximum amplitude of vibration
max

@ = phase velocity of wave prupagacion
ac-‘-ﬂ = damping ratio
f = @WhHy = frequency of vibration
fo = tesonaut frequency
p - specific damping capacicy
1/q = specific dissipation function
%) = maximum energy available in one cycle
AW = energy dissipated in that cvcle
X = coefficient of attenuation
) = logarithmic decrement

w = angular frequency of the vibration

c
J = Tr——— % 27 F (2-7)
v/ ()

(2-12)
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C. SYSTEM WITH NON-LTNEAR STRYSS-STRATN RELATION

Numerous solutions are available i1n the literature concerning the
amplitude-trequency diagrams which result from a spring which exhibits
non-linear characteristics. Solutions for some of these problems are
given by Timoshenko (1955), for exampie.
In this type of problem the loading and
unloading curves are identical and no
energy is lost within the spring,

A more realistic theory has been
developed by Pisarenko (1962) which in-
cludes both the non-linear stress-strain

relations for the material and the energy

losses during a loading cycle.
Among the problems treated by
Pisarenko was that for the torsional
oscillation of a circular shaft which has a non-linear stress-strain relacion-

ship as illustrated in Fig. 2-8. The detaiis of this solution are reproduced




here in order that the quantities involved as well as the amplitude

response curve may be compared witk the experimental data given in
Section III

He assumed that the equation for increasing stress is

_—_) .‘
ik _ e /) — 17 on T . ).r, ‘ (2-20)
7 o (0 ( Y max) xv/ |
and the cquation for decreasing stress is
- ——
s
25 -l + 1 (h, — &) D
auy, (max)

where Ay(m“‘) is the amplitude of the shear vibration and [7
and S are hysteresis parameters to be determined experimentally.

If we let L= S+/ and integrate the above equations we have

V(max)

T = O o = T (Ao ) =2 Vit

(2-22)
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Equations (2-22) are integrated over a circular shaft to determine the
expressions for moment. These are substituted into the equilibrium

equation which gives,

D@ (x,8) +63_ g(¢;{) > _a:?i_(,’fﬁ)_ = €g cos w? (2-23)
C

axz 5 6tz
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where  @(x,€) represents the twist along the shaft, E 1s a small

=
parameter, g represents the driving force and @((p')t) is given by

B /[, ddm(X) O (X, t) \ A
b= (qe— * “ox)

2 _a’_d*m(f’_)JL] 4rs™
dx I AA+3)

A solution to Eq. (2-23) is sought in the form

BX,E) =@ G cos(wt+T) + EG(xt) +E By (x,t) +

2

w

% - 2
WrEWS+Ew,

o

G, +EX, + €2,

where ¢o is the amplitude of vibrations, &Wec is the natural frequency
of vibrations of the bar and X is the phase angle between force and
displacement. A solution which includes the first two terms of the series

approximations given above is found for cthe boundary conditions of a bar

fixed at both ends and is given by

Y
A2 Al A~
(ﬁi)z.«. / + 6 m 7 G 05 TX s X dx
@ (A +3) 2% e 2 (2-26)
/ 2
X [( /- casG)A- ZA-’]COSB d6 + f_%i cos &,
4
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The abuve cyuations were solved for the conditions representative

for Ottawa sand., The values used were as follows.

LRy

() = o0.005
Max.

G = 18,000 tb./in.?
r = 2 cm

Vi = 50 cm

A =3

2 x 107 (calculated to give a valuc of
& = 0.10)

r

The resulting resomance curve is shown in Fig. (2-9). The
var:ation of the frequency of maximum amplitude with exciting force
u{/ q
is a second degree parabhola with its origin at We = 1.0 as
shown by the dashed line. The stress-strain relationships used in the
derivation are such that the logarithmic decrement will be independent

of the magnitude of vibiations,

D. EXAMPLE OF DISPERSION DAMPING IN IDEAL ELASTIC SOLIDS

A dispersion type damping results from the loss of energy through
radiarion by elastic waves from a source. 1In the example to be considered,

the source of input energy is an oscillator vibrating vertically on the



¥ig. 2-9.- Theoretical variations of amplitude with frequency for
torsional vibrations of a shaft as giver by theory of Pisarenko.
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surlace ot a semi-infinite ideal elastic solid which has weight. Reissner
(1936) developed the theory and consldered that the osciliator produced a
unifowmly distrilbuied pressure over the circular contact area. Sung (1953)
extended Reissner's theory to cever the cases for which the stress distri-
bution was purabolic, uniform, or corresponded to that produced by a rigid
base, The latter casce appears to he the best approximation to actual con-
ditions, Recently. Hsieh (1962) has rewoiked the fundamental equations in
the Reissner-Sung theory in vrder to place them in a form comparable to
that developed for the conventional one-degree-of-treedom system with
viscous damping, The following equations are a condensation of Hsieh's
stuay.

In order to evaluate the force I'Er:E El’w’#
transmitted to the elastic body we first i
consider a weightless rigid circular Wr‘
disk which rests on the surface of the F G r:-l
body (Fig. 2-10). The elastic body is i
homogeneous and isotropic, has a shear L

“-“_‘-—q'b‘-—-i—-f
modulus, (G , and a mass density of

7° (= Y'/}) . A vertical periodic Fig. 2-10

]

force [f= ‘wt acts on the disk. The vertical displacement
e P w

given by the Reissner-Sung theory is

w~ =52/‘_° [f: + /f;_] e"“’t (2-26)

in which 7‘; and f'Z are functions of the frequency of oscillation,

(=Why) and /' =V-I . The time variable is t and ¢ = 2.71828---.




In order to climinate the imaginary term, Hsich took the derivative of

Eq. (2-26) with respect to time to obtain

dt G

dw Zw
/5

/ iwt (2-27)
/4% ]e

an., by combining Eqs. (2-26) and (2-27) he dcetermined

fow f8 E2[FH] L g

Gre ER
(2-28)

or P :*G o .f;, )c/af' n G/;(.I__f_}af

/
w \fP+ £ dt £ fr

Eq. (2-28) indicates that the force transmitted to the elastic body is
a function not only of the displacement of the disk, but also is a
function of ils velocity. For convenience in computations, the dimen-
sionless freque.-~y term, @, , from the Reissner-Sung theory,

aA,=wr R LW - 27/
(<] - _—_—
f o

Yl (2-29)
Vs Ls

may be substituted into Eq. (2-28). Then by using the notation,

-f
e e
E f,2+f;2

(2-30)

R

Fq. (2-28) becomes

| ———1 t —— =]

T——




For vertical oscillation, the functions /C,- and FQ cait

be uxpressed approximately by the following expressions:

i

for Poisson's ratio, /,4, =0 F, =4.0-1.2 alz
= 3,404, - 0.120.‘:
/(,4 = 1/4 " 5,33 - 1—350.3 (2-33)
4.20, - 0.12a%

2
M =12 8.0 - 2.40 Q,

/73
=6.45Q, - 0.35A,

Eq. (2-32) can be further simplificd by substituting

VGp o, @
/?v = &, o Fa

to give — (2-35)

Now, if a cylindrical mass of radius /£

and weight W, (I'C. m, = ’%"‘/i) is placed

on the weightless rigid disk and subjected
to a vertical exciting force @z , (Fig.

2-11) the equation of motion is




m, LY - Q. + P (2-36)

E —

or by substituting Eq. (2-35) into Eq. (2-36),

7, B R g—;"— + M, @ = G (2-7)

Equation (2-37) 1s similar to Eq. (2-1) for the one-degree-of-freedom system

with viscous damping, with the important exception that both 2 aud
A; depend upon the frequency factor @ . From Eqs. (2-33) it

is evident that f?; is almost linearly dependent upon frequency

while for small values of Qg the frequency effect on Av is

small,

E. DUFFY AND MINDLIN'S THEORY FOR ELASTIC SPHERES

Duffy and Mindlin (1957) derived a diffirential stress-strain
relation for a medium composed of a face centered cubic array of elastic
spheres in contact. They retained the classical Hertz theory for normal
forces and used the theories of Cattaneo (J938), Mindlin (1949) and
Mindlin and Deresiewicz (1953) to include the tangential components ot
the forces at the contacts between the spheres. The theory predicts
that when a tangential force is applied to two spheres in contact, slip
occurs at the circumference of the contact surface. Because of this
fact the stress-strain relation depends upon the entire stvess history

of the material. This phenomenon gives 1ise to a frictional dissipation




of coergy which does not occur when only normal forces are considered
Solutions are found for the case of a small increment of stress
applicd to a medium under an initial isotrpic plus uniaxial stress. The
resulting medium is anisotropic and the stress-strain relation depends
on the direction of orientation, Oricntation which avolids coupling with
flexnral waves gives a solution in the X , or (1, 0, 0) direction and

the (1, 1, 0) direction., The solutions are

; _2(8-74) 36w |’
“(r00 T (g_55m) 2(/1-/a)*

(2-38)
1
— — ~2 3
£ 2(4-32)8-74) 3G,
0T (4-32) +(8-18)(2-p%) | 2(1-A)*
where lfz and G are Poisson's ratio and shear modulus of the
individual spheres. The two values of £ differ depending upon A

At ,ZZ = 0.25 the difference is about 2 per ceut.

The theoretical frictional energy loss per cycle was found by a
summation of the energy dissipated at the individual contacts and by
taking a sinusoidal displacement distribution along the length of the
bar. The theory predicts an cnergy loss proportional to the cube of
the amplitude. For small amplitudes the total energy stored is pro-
portional to the square of the amplitude. This would indicate a
variation of logarithmic decrement which is proportional to amplitude.
The theory also predicts a minus one-third power variation of loga-

rithmic decrement with pressure.

21




F._ B1OT'S THEORY FOR WAVE VELOCITY IN A SATURATED POROUS ELASTIC SOLID

Riot (1956 a) presented a theory dealing with the propagation of
elastic waves in a fluid-saturated porous solid assuming that the solid
was clastic and that the fluid was compressihle and viscous. He also
assamed that the walls of the main peores (interconnected pores) were
ifupervious and that the pcre size was concentrated around some average
value.

For the case in which the viscosity of the fluid is taken as

zero the equations of equilibrium have the form

. 4 : & .
M1_91r +_97Vz :gd_t2 [/ou,x.}.ﬁa(ux—(]x)]

oIx Yy 9z (2-39)
2% % [ ¥rr o, N
T ox 9t P U" */%(U" Ux)} (2-40)

in which CLX = displacement of the frame
[] = displacement of the fluid
= mass density of the frame

= mass density of the fluid

/0

{0

(0 =« mass density of the aggregate
- E

P Rt

additional apparent mass.

R

The equations of wave propagation are of the form

v—
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GV Uy +(D16) 55 + @ 3% =2, [Atn +pa (-] ey

RE Q% 2P +alt-u)] e

where Zy = dilatation of the fluid
E? = dilatation of the frame
G = shear modulus of the frame
Qand,Q arc constants relating to the coupling

- "= QE + RE (2-43)

Bito and Willis (1957) give a discussion of the methods for measuring the
quantities G, D, Q and /X used ir the equations for wave propa-
gation.

Three waves result from this theory, dilatational waves in the trame
and in the fluid which involve coupled motion and stiffness of the fluid
and the frame, and a rotational wave. The rotational wave is uncoupled
from the dilatational waves and involves only coupled motion of the frame
and the fluid,

Biot modifies the equations of wave propagation by including the
damping due to the viscosity of the pore fluid which is a function of the
frequency of vibration. Solutions for the dilatational waves are found by

applying the divergence operator to the equations of wave propagation and




the solution for the rotational wave is tound using the curl operator.
When the viscasity of the fluid is equal to zero we have the un- ]
damped case. This gives an expression for the rotational or shear wave

which iz

G
I - — (2-44)
“ % 4 P o

¥+ Pa

-

The Biot theory was programmed for the IBM 709 diyital computer
using numerical valucs which correspond to Ottawa sand saturated with
water. Below Is a list of these values.

€ = void ratio = C.55

bulk modulus of the grains = 3.9 x 106 lh./in.2

x

o Oy
]

= bulk modulns of the fluid = 3 x 10S lb./in.?
= specific gravity of the grains = 2.66

= Poisson's ratio of the trame = 0.45

= shear modulus of the specimen = 1 x 104 1b./in,

at a confiaing pressure of 1000 1b./ft .2

2

= unit weight of the fluid = 62.4 1b./ft.>

viscosity of the fluid = 2 x 10.S 1b. sec./ft.2
= permeability = 4.5 x 10710 ¢ .2
= apparent mass ccvefficient = 0.33

= structure factor = 2.5

= frequency of vibrations = 1000 cycles/sec.

I YU XA Or O

= confining pressuie = variable
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The values glven above are experimental except for the values of K
and Y. The variables A and 13 are related to the coupling
between the fluid and the solid. Kosten and Zwikker (1949) explain the
significance of the variable /K  with respect to a system composed of
randomly oriented tubes. 1{ each t:be is oriented at an angle O
with the macroscopic pressure gradient, the pressure gradient in the
tube is CO5S 6 times the macroscopic pressure gradient. The component
of acceleration in the tubes in the direction of the macroscopic pressure
gradient is 0S5 6 times the acceleration in the direction of the
tubes., For a random orientation of tubes cosze = 1/3. This would
indicate a value of [(: (/ = cosze ) = 2/3. Experimental results
by Hardin (1961) indicate that the apparent mass coefficient should be

»
about 0.3 to 0.4. The value used for the program was such that /"a, 30'33F :

Biot gives a range of values for the structure constant 5 5
For a value of the sinuosity factor between 1.0 and 1.5 a value of 5
was chosen which lies between that for glit-like pores and circular pores.
Biot showed that % was not a very significant parameter.

A value for (& was used which corresponded to tha. determined
by the experimental résults of Hardin (1961). His results indicated that
the shear modulus varied with the 0.50 power of confining pressure. Thus,

the program was set up to calculate shear modulus from the expression

0.5

- o/(2)

vhere G, is the shear modulus at the cenfining pressure O ! . The

value of O ' was arbitrarily chosen to be 1000 1v./ft.>




The coetficient of permeability, 4é , is that found from experi- '
wenta! tesults on Ottawa sand which are common to most textbooks on soil
testing It should be pointed out that the coetficlent of permeability !
used here in oot that conventionally used in soil mechanics. The coef-
ficieat commonly used in soil mechanics is found by multiplying 4é by |
the ratio of unit weight divided by viscosity. This changes the dimensicns
from 1¢.2 to ft./sec.

The computer results for velocity and damping are shown in Fig.

2-12, The variation of the shear wave velocity with pressure is determined
entirely by the variation ot the shear modulus with pressure. The variation
chosen tor shear modulus results [n a variation of velocity with the 1/4
power of contining pressure. The damping of the shear wave is independent

of confining pressure. The velocity of sound in a fluid is not significantly
affected by the confining pressure but when the fluid and solid are coupled
as is the disturbed fluid wave a slight variation of velocity with confining
pressure is observed., As the confining pressuvere is increased the damping

of the fluid wave is decreased. 1t can be seen that the variation of
velocity with confining pressure for the dilatation wave of the frame is

the seme as for the shear wave. The logarithmic decrement is affected only
sligutly by confining pressure and for the values considered here the damp- [

ing increases slightly at higher cenfining pressure.

G. THEORIES USED IN CONNECTION WITH THE EXPERIMENTAL

DETERMINATIONS OF WAVE VELOCITY AND DAMPING FROM LABORATORY SPECIMENS

Tha measurement of wave velocity through a column of soil was
determined by measurement of the resonant frequency of the column for the

type ot wave in question., Resonancc was found by varying the frequency of
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Fig. 2-12~ Variation of damping and velocity with confining pressure
for water-saturated Ottawa sand as given by the Biot theory.




vibration and determining the trequency for maximum amplitude. By
kauwine Lhie mode of vibration the wave length may be determined using

the length of the specimen, From these two measurements velocity may

be calculated from the relationship
v =FL

where [, represents the wave length of the stress wave.

1€ cte shear wave velocity and the longitudinal wave velocity are
kuown, the dynamic shear modulus and the dynamic modulus of elasticity
may be computed. Love (1944) showed that in a cylindrical specimen the

velocitv of a longitudinal wave is given by

2 2/n2 ‘E- 42
44=(/-”2‘2 | F)

where /° is the radius of the specimen. Equation (2-45) is valid for
small values of £>Z . The specimens used in this research had an

r

/CZ = 0.02 for the first mode of vibration. Using this value and

a maximum value of Poisson's ratio of 0.5 the first term ot Eq. (2-45) is

0.999 which is =z 1.00. Thus, for the specimens used in this research

we can use the relationship

/
= (_é. % (2-46)

for calculating the dynamic modulus. The dynamic shear iodulus may be

* ——

—o—n

- m—




found by using the relationship

(2-47)

In order to vibrate a specimen some sort of a driving mechanism
must be attached and another mechanism must be connected for measurement
of the response. The addition of a mass to a material in which the
resonant frequency is to be measured results in a slight change in the
resonant frequency. The conditions of the specimen in the present in-
wstigation may be represented by Fig. 2-13. The solution governing the

natural frequency of such a system under torsional! vibrations is given

[P A l
CUj G— tan w/}/s:- = —I; (2-48)

by

N
¥

ie

SAL AN AANNN MY NN AN

Fig. 2-13. - Model representing theoretical
conditions in present research.

where [ is the mass polar moment of inertia of the speciien and Z;

is the mass polar moment of inertia of the mass attached tu the free end.




FEquation (2-48) must either be solved graphically or by trial and error.

It is convenient to put Eq. (2-48) into the form

d
ﬁfa/’)ﬂ u T (2-49)
o
Thus,

2m F.2 (2-50)

S

Figure 2-14 shows the graphical solution to Eq. (2-49) for the first mode
of vibration.

In this investigation the values obtained for damping by measure-
ment of the decay of vibrations were corrected to compensate for the added
mass of the pickup and driver. The effect of the added mass is approximated

by considering a single degree-of-freedom system as shown in Fig. 2-15.

£, ”
— WV — : Mo

1] aihe

cl/
Fig. 2-15. - Single degrec-of-freedom system.

AAUOANANNN N AN

The mass of the specimen is represented by /77 , the mass of the driver
and pickup by /ﬂo and the spring constant is ’ég . Fiist consider

the case without /7’]0 . We have the relationships
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Pig. 2-14. - Graphical solution to Eq. (2-49) for the first mode
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mC,
6=
Rs
] e ol
b m

Thus,
é\ = 7TCV

With the addition of mo we have similarly

‘;I - 7T Cv
B ;¢3(777 +Mo)

Finally,

§ _ [mEms @

In order to use Eq. (2-51) it is necessary to convert the mass of
the soil specimen into an equivalent concentrated mass. It can be shown

that for the conditions in Fig. 2-16 the equivalent concentrated mass is

0.405 /M .




e
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2 aﬂ# m = 0405 M

Fig. 2-16. - Conversion to a concentrated mass system.

This is based on the condition that both systems have the same undamped

natural freguency. Using the above approximation the corrected value of

logarithmic decrement is given by

4
§=§ \/| + 5acE (2-52)

The same correction mav be used for torsion by substituting the analogous

torsional inertias.
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III. LABORATORY TESTS OF WAVE PROPAGATION

AND DAMPING IN CRANULAR MATERIALS

A. PURPOSE AND SCOPE

The purpose of the present research was to study the velocity
of shear and longitudinal waves and their damping in a column ot granular
materiai. The effects of confining pressure, density, pore fluid (air,
water and dilute glycerin) amplitude of vibration and frequency were to
be considered. This is an extension of the work by Hardin (1961) to
include the effects of amplitude and the measurement of damping by use
of decay curves.

New apparatus was constructed for the measurement of the velocity

(2
e
43
]
(3%
-

S ngltudinal stress waves at velctively large amplitudes
of vibrations which will not cause breakdown ot the grain structure.
The largest amplitudes for a twelve-inch specimen fixed at one end were

. in, longitudinally and 1.5 x 1073 rad. torsionally. This is

5 x 10°
on the order to ten times that attainable with the pr?vious apparatus
and provides for a range of 250 times for controllable amplitudes. The
new equipment was also designed to permit evaluation of damping by
measuring the vibration decay from the steady state condition after

the driving mechanism was turned off. Hardin measured damping maluly
by the shape of the amplitude vs. frequency curve. The pickups used

on the new apparatus were calibrated so that the amplitude of vibrations

could be measured at any time during a test.

f—



Theoretical soluticns of several persons have been presented for “
the behavior of stress waves and damping in porous materials. The theory

by Biot (1956) may be uscd for theorctical cvaluation of the stress wave ﬂ
properties of velocity as well as the viscous damping associated with “
saturated materials. The tlieory given by Duffy and Mindlin (1957) may

be used to calculate theoretical stress-strain relationships for granular “
marerials as a function cf confining pressure and also the friction damp-

ing associated with contact stresses. The theory of Pisarenko predicts "

the behavior of a material with non-linear stress-straiu relationships in

S
—_—

torsion. The above theonretical solutions provide a basis for comparison

with experimental results.

B, MATERIALS, EQUIPMENT AND TEST PRUCEDURES

Materials

There were four different materials used in this investigaticn.
Each is described below and the grain size curve for cach is shown in
Fig. 3-1.

Ottawa sand. Standard Ottawa sand which had been sieved for the

fraction between the No. 20 and No. 30 sieves was used for most of the
investigation. This is the material prepared and used by Hardin (1961).
He reported that the minimum void ratio was 0.50 corresponding to a unit
welght of 110.5 1b./ft.3 and the maximum void ratio was 0.77 correspond-
ing to a unit weight of 93.6 1b./fe.3

Glass beads No. 2847, Glass beads, all of which lie between the

No. 16 and No. 20 sieve, were obtained from the Prismo Srlety Corporation,
Huntingdon, Pennsylvania. These beads are essentially perfect spheres
as viewed from a microcope. They have a specific gravity of 2.499.

The minimum void ratio was 0.57 and the maximum void ratio was 0.75.
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Glass beads No. GOl7. This materiai was also obtained from the

Prismo Safety Corporation. These are very fine beads and near silt
stze, Ninety-five per cent pass the No. 200 sieve and 96 per cent are
retained on the No. 400 sieve. They have a specific gravity of 4,31
which is veiry high. The reason for the high specific gravity is due to
the fact that a high tndex of rcfraction ic desired in their commercial

se. The minimum void ratio for this material is 0.57 and the maximum
void ratio is 0.76.

Nuvaculite No. 1250. This is a very fine quartz powder nbtained

from the American Graded Sand Co., 189-203 East Seventh Street., Paterson 4,
New .Jersey. ™his materfal was considered to be a silt as shown by the

grain size curve in Fig. 3-1,
Tests

Three groups of tests were run and are summarized in Table 3-1
and ac follows.

Croup I, These tests were run with Ottawa sand to obtain data
on the effects of amplitude, pore tiuid (air, water and dilute glycerin),
mode of vibration and density on velocity and damping for both tor<ion
and compression.

Group II. After the tests of Group I were completed it was
decided to run tests with the two sizes of glass beads described above
in the dense condition both dry and saturated.

Group III. A torsional vibration test, as well as damping

characteristics, was run on Novacuiite No. 1250 in the dry condition.

Equipment of Previous Inves-:igators

Several methods have been used to imeasure the stress wave ve-

tocities in a cylindrical specimen. The methods differ mainly in the

—
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TABLE 3-1

Summary of Tests

Group Test No.| Material |Void Ratio Pore Fluid Type
I 10 Ottawa sand 0.52 Alr Torsion
11 Ottawa sand 0.67 Alr Torsion
14 Ottawa sand 0.52 Water Torsion
21 Ottawa sand 0.64 Water Torsion
12 Ottawa sand 0.52 Alr Compression
16 Ottawa sand 0.66 Alr Compression
13 Ottawa 3and 0,51 Water Compression
15 Ottawa sand 0.66 Water Compression
20 Ottawa sand 0.50 Dil. glycerin Compression
19 Ottawa sand 0.64 Dil, glycerin Compression
1I 25 Beads #2847 0.39 Alr Torsion
Water Torsion
26 Beads #0017 0.58 Alr Torsion
Water Torsion
23 Beads #2847 0.58 Alr Compression
Water Compression
24 Bcads #0017 0.58 Alr Compression
I1Y 28 Novaculite | 0.80 0.83 Alr Torsion




end conditions which arc !mposed or are assumed to exist.

Uilson and Dictrich (1960). The apparatus developed at the

leboratory of Shannon and Wilsow is shown in a schematic diagram in

Fig. 3-2. An amplified audio-frequency signal is supplied to a driver
unit adapted from a loudspeaker. For longitudinal vibrations the driver
is directly connected by an aluminum rod to a clamped rim diaphragm of
aluminum having a natural frequency several times greater than that of
the soil specimen. For torsional vibrations the driver is directly con-
nected Lo an aluminum clamp to provide a torsional twist to the specimen.
The specimen rests on a hrass plate and is enclosed with a lightweight
cap and 2 rubber membrane. A standard phonograph crystal is suspended
by rubber thread from a tie rod or stand and records the motion of the
top cap on a cathode ray oscillescope.

It ie stated that the restraint of the specimen has been verified
to correspond to the lower end clamp and the upper end froc,

Hardin (1961). Hardin developed apparatus to measure shear wave
velocities and compressive wave velocities for a soil specimen which was
considered free at each end. Figure 3-3 shows a diagram of the driving
equipment for each apparatus. A permanent magnet was attached to each
end of the specimen by means of Plexiglas caps. For the compression
wave the bottom magnet rosted on rubber pads between electromagnets. The
other end of the specimen was placed between two sets of coils which were

identical to the driver, and these produced a signal which indicated the

motion of the top of the specimen. The apparatus for torsional vibrations

was identical except that the electromagnets were placed in a position
that would produce torsional motion. In this case the specimen rested
on a pivot,

Both types of equipment considered above have end conditions

—
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which are not completely specified. The equipment used by Wilson and
Dietrich is considerad Lo be fixed at the driving end. If this were

true then there would be no vibrations in the specimen. The equiprent
relies on the fact that at the natural frequency of the specimen very
little motion is needed at the base in order Lo maintain steady state
vibrations. The rclative amount of motion between the top and bottom
of the spec..men for small values of damping is such that the nade is

very close to the base.

Fig. 3-4. - Model representing apparatus used hy
Hardin,

A model of the conditions for the apparatus built by Hardin may
be considered as shown in Fig. 3~4. The torsional case is shown. The
rotational inertia of the end caps is represented by the discs at each
end of the specimen and the rubber pads are represented by springs.

The magnitude of the effect of the ruhber pads is essentially indetermi-
nate. However, all of Hardin's tests were run at such small amplitudes

that this effect would be negligible.

Equipment for the Present Investigation

Several practical considerations must be made when deciding upon
the equipment for measuring the dynamic properties. The most important

thing to keep in mind is that the design must be as simple as possible,

3-9



3-10

otherwise, considerable time will be spent on refinement. In choosing
betveen a free-free and a fixed-free type of test condition, the fixed-
free condition has two main advantager. First of all, the end conditions
are more casily determined, and second, the first mode of vibration will
occur at one-half of the frequency for the free-free condition. hxper-
ience has shown that it is much easier electrically and mechanically to
work with lower frequencies,

Two pieces of equipment were specially designed and built to vi-
brate the specimen at relatively large amplitudes with longitudinal and
torsional vibraticns, Each was based on the fixed-free condition. The

equipment was different than that described above in that the base of the

specimen was fixed to a large mass and the vibrations and displacements

were applied and measured at the top of the specimen., (Fig. 3-5c)

Compression apparatus, The frame of the apparatus was built from

a piece of 4" standard steel pipe. The base for bolting the aluminum
bottom cap of the specimen was made out of . piece of steel 1/2" thick
and 1-1/4" wide. The ends of the base were drilled and tapped with one
hole on each end. Screws which fit through the sides of the pipe frame
hold the base in place. The holes in the frame were drilled so that the
base position may be adjusted in order to align the specimen vertically
in the apparatus. In order to "fix" the base of the specimen the inside
of the frame was lined with four sheets of lead 0.10" thick. This makes
tne mass of the specimen very small compared to the mass of the frame to
which the specimen is bolted. The total weight of the above apparatus was
29 1b. as compared to 1.2 1lb. for a specimen,

The driver and pickup used is shown in Fig. 3-5. The design of
both the driver and pickup is similar to that of an ordinary loudspeaker.

The coils were made by placing a piece of paper around a tube of the
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desired diameter, This paper is glued so that it will not unroll and
also be loose enough to be removed trom the tube after the coil has been
wound upon it. After each layer of wire has been wound upon the paper
tube a layer of glue was applied to hold the coil together. If the coil
was to be used as a pickup a clear spray lacquer was used as a glue, but
for the driving coils it is necessary to use a glue that will withstand
high temperature. For this purpose '"2-ton'" brand epoxy glue was used.
It is absolutely necessary to insure that the loops of the coils are
rigidly held together, otherwise erratic wave forms will be recorded. It
ic also essential to have a rigid connection of the coils to the top cap
of the specimen, i.e,, the natural frequency of the connection must be
scveral times greater than the frequency range used in the experiments.
The driver and prckup must also be made as light as possible. The total
waight of the driver and pickup for the compression apparatus was 30.6 gm.

The permanent magnets were made from cylingrical Alnico V magnets,
Soft steel was machined and placed around the cvlindrical permanent mag-
net so that the lines of flux would be concentrated in an annulzr opening
through which the coils would fit. The Alnico V is very hard aud
brittle and cannot be machined easily. Therefore, it is necessary to
either glue or clamp the soft steel to the Alnico V. Non-magnetic ma-
terials should be used for clamping so that the magnetic flux is not
disturhed after the magnet has been constructed. The magnetism can be
increased several times by placing the finished magnet in a strong field.
If the soft steel is later removed it will be necessary to remagnetize
the magnet when it is put back together,

The magnets are fastened to the top of the frame by means of
threaded brass rods as shown in Fig, 3-5. These provide a means of ad-

justing the vertical position of the magnets. The holes thraugh which




the threaded rods pass are much largar than the rods themselves. This
allows a limited amount of movement so that the magnets may also be
pusicioned with respect to the horizontal plane.

Torsion apparatus. The frame of the torsion apparatus is very

similar to the frame of the compresston apparatus except for the design
of the driver and pickup, which is shown in Fig. 3-5. The coils were
mounted in a frame constructed of brass rode 1/16" in diameter. The
frame was made as rigid as possible while keeping the torsional inertia
to a minimum. The permanent magnets were circular bar magnets which
were mounted on the trame and projected into the center of the coil,
Positioning of the magnet was accomplished by soldering a threaded brass
rod in an off center position to the magnet, The threaded rod provided
in and out movement and horizontal movement was obtained by rotating the
eccentrically located rod. Vertical movement was accomplished by cutting
a vertical hole in the frame of the apparatus,

The equipment described above could be used to measure the
resonant frequencies for torsion and compression and alsc the decay curves
after vibration in a steady state cundition by cutting off the power Lo
the driving coil. The decay curves were recorded photographically on an
oscilloscope.

Commercial apparatus. An MB Electronics Type P 11, Model T 135234

power supply was used for driving the coils in the vibration apparatus
and also for driving an MB Electronics Model C 31 pickup calibrator. The
range of the Model C 31 calibrator is 5 to 1000 cycles per second with

a maximum force vector of 25 1b., A probe type pickup, Model 115, also
manufactured by MB Electronics was used for measurement of vibration
amplitudes and for calibration., A Tektronix Model 502 dual beam oscillo-

scope was used for the ineasurement of output from the pickups and drivers.




Decay curves Lor damping measurements were recorded with a Dumont Type
450 oscilloscope camera,

The apparatus for measuring vibrations was placed in a triaxial
cell for testing, The triaxial cell was manufactured by Geonor A/S,
Oslo-Blindern, Norway. 1In order for the testing equipment to fit inside
the cell a longer Plexiglas tube und tastening rods were made. Air
was used for the confining pressure and pressures from O to 50 lb./in.2
were measured by a mercury manometer,

Eiectrical measurcments

A schematic wiring diagram for the testing apparatus is shown in
Fig. 3-6. Details ot the high pass filter, attenuater and phase shifter,
and time delay and triggering mechanism are shown in Figs, 3-7, 3-8 and 3-9.

Measurements were made on the oscilloscope '.ich showed the input
voltage to the driver and the output voltage of the pickup. However, due
to the mutual inductance between the driving coil and the pickup coil, the
output voltage of the pickup does not represent the motion of the pickup.
It is necessary to compensate for this induction by applying a signal of
equal magnitude and phase relationship to the differential input connection
of the upper beam. The attenuater and the phase shifter is adjusted to
give a correction of the correct amplitude and phase relationship., The
frequency characteristics of the compression apparatus are such that the
high pass filter is used with the phase shifter and attenuater. For the
torsion apparatus it was not necessary to use the high pass filter. The
adjustment of the induction correction was made by setting the frequency
so that it was not near resonance and adjusting the attenuater and phase
shifter so that there was no signal from the pickup. If the adjustment
is correct then there should be practically no amplitude at each side of

the resonant frequency. The adjustment is good tor a limit=d frequency.
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two layers of
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e == wire
Fig. 3-7 - Detail of high pass filter.
|
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0-2 neg

0-2 meg 0-2 meg 0-2 meg 0-5 meg

Phase shift and attenuation

Attenuation

Fig. 3-8 - Detail of attenuater and phase shifter.
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range and must be readjusted for esch mode of vibration.
The time delay switch and triggering mechanism was used in the
measurement of the decay curves. Tts function was to tiigger the sweep

on the oscilloscope and then cut off the power to the driver after a small

falling

arm —
& - rbatterics

- o
power - f_i"H
output ~» e - b S— |Il f'-
(1

to external
I/’trigget on

scope

power
input

e

Fig. 3-9. - Detail of triggering and time delay switch,

time delay., The oscilloscope was triggered by an electric pulse from
three small flashlight batteries connected in series. A hinged arm was
dropped which would momentarily close a contact to trigger the osciilo-
scope and then fall a short distance and cnt off the power to the
driving coil., The distance that the arm fell after triggering the scope
determined the time delay. This distance was adjustable. When only

steady state vibrations were being made the triggering apparatus was

disconnected.

‘TEST PROCEDURES

Preparation of membranes

Th~ membranes for the test specimens were made at first with a

liquid latex compound obtained from Testlab Corporation, Chicago. Illinois.

will MBS e - - =



When th aterial was used up, the membranes were made from a liquid latex
Type Vultex 1-V-10 from the Genceral Latex and Chemical Corporatiom, 665 Main
Street, Cawmbridge 39, Massachusetts. The latex used first had to be diluted
to three parts latex ard one part water, while the other was diluted to
seven parts latex to one part water. Molds were mode from 38 mm. glass
tubing 14 in. long with rubber stoppers in cach end., These were dipped
into the liquid latex and allowed to dry a minimum of four hours between
dips. Around eight to ten dips were used for cach membrane. It was
found that the latex was attected by cbsorption of water and Lo prevent
this, the latex membranes were dipped in a liquid neoprene Type Vultex
3-N-10, which was also obtained from the General Latex and Chemical Cor-
poration. The layer of neoprene was then placed on the inside next to
the specimen.

The membrane was removed from the mold by first dusting the outside
with talcum powder and then cutting ofi the ends with a razor blade.
Next, the membrane was peeled from the mold and the inside was dusted
with talcum powder.

Preparation of the specimen

Tae soil specimens were approximately 1,5 in. in dicmeter and 1l in.
iong. The top cap was made of Plexiglas and the bottom cap was made of
aluminum as shown in Fig. 2-10. Rubber O-rings were used to hold the mem-
brane against the cap. Dow Corning silicone stop-cock grease was used

between the membrane and caps to provide a good sesl,

When dealing with granular materials it is necessary to use a mold
in forming the specimen, The mold was made from a picce »f PVC tubing
which was cut to form two halves. Tubes were placed on each half for
vacuum line connections and filter paper strips were placed on the inside

tu alluw a good distribution ot the applied vacuum.




rubber =

= Plexiglas, 1

pore pressure

lines ——— o

—=]

studs

(a)

Fig. 3-10, - End pleces used with specimens (a) bottom cap (b) top
cap.

The bottom cap was greased and the membrane was placed around it.
The mold was then clamped around the cap and membrane with a hose clamp.
The inside diameter of the mold was such that 1t f{it snugly against the
membrane. sealing off the end of the tube. The opposite end of the
membrane was stretched over the end of the mold and a vacuum wus applied
which held the membrane securely against the inside of the mold.

Several methods were used for placing the soil into the mold, de-
pending upon the soil type and density desired. For the Ottawa sand and
the glass beads the dense condition was obtained by pouring in approx-
imately 50 ml. layers and vibrating each lay2r with a 1/8 in. brass rod
attached to a small! vibrator. This resalted in a condition close to
100 per cent relative density., The loose condition for the Ottawa sand

was nbtained by pouring the sand through a funnel attached to a 3/16 in,

internal diameter glass rod which extended to the bottom of the mold. The

rod was kept full of sand and slowly retracted from the mold allowing the
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sanc to be deposited 1. loose condition, The specimens prepared with
the Novaculite No. 1250 were compacted.  Since the material is very fine
a special hrocedure had to be followed A vacuum was applied to the
bottom pore pressure line during the compaction to prevent the material

from blewing out of the mold and alse as an aid to compactiun, .\ teaspoon

— eeme auie GEB AN

oL marerial was added and pressed tive times with a No. 7 rubber stopper

' attached to the end of a standard Proctor miniature compactor, Prior to
construction of the cpecimen the Novaculitc was dricd in the cven at
220° C. for a period of several days.

Recording of data

Sample data are shown in Tables 3-2, 3-3 and Fig. 3-11., Table 3-2
shows the data taken for computation of void ratio and the relatién-
ships for velocity and modulus in terms of frequency. The volume of the
specimen was corrected for thc membrane by weighing the mcmbrane and
computing its volume on the basis of a unit weight of 0.92 gm, per cm.3

The measurements recorded for the velocity and damping were
taken atter the electrical equipment had warmed up a minimum of 30
minutes. There it considerable drift in calibration as the 2quipment
warms up and accurate measurements cannot be made during this period.

The variation of velocity with amplitude was recorded for the
first mode of vibration. Each amplitude was approximately half of
the preceding one which corresponds to the successive scales on the
oscilloscope. With a maximum of 6 volts peak to peak applied to the
torsional driver the double amplitude of vibrations was approximately
2 x 1073 radtans depending upon the shear modulus, damping and
density of the specimen., Since the torsion driver consists of a force
applied to a lever arm from the top of the specimen. both bending

and torsional modes of vibration will be measured. This is shown in
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Fig. 3-12 which shows tlie second mode for bending and the first mecde for
torsion. Foi small valucs of damping the amouat of bending at the
natural frequency for torsion will be insignificant, The bending and
torsicn may be distinguished by the phase relationship between the
driver and the pickup. For bending the motion of the driver and pickup
1s in phase but for torsion they are in opposite phase. This is easily

seen on the oscilloscope.

lst mode
torsion

1 SETTV s
hand img

Relative velocicy

L3k 150 200

Frequency, cycles/sec.

Fig. 3-12. - Resonance curves obtained with torsion apparatus,
With a maximum of 8 volts pezk to peak applicd to the compression
driver a double amplitude of approximately 1 x 10'3 in. could be obtained.
It was noted that at some pressurcs the bending mode of vibration and the
compression mode were near the same frequency. This showed up as two
resonances very close together. A change in positicn of the driving
coil did not seem to correct this condition but it was found that a
slight change in confining pressure would help remove the condition. The
maximum effect of this condition seemed to occur near a confining pressursz

of 25 1b./in.2

3-25
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C. PRESENTATION OF RESULTS

Strese Wave Velocities

Figures 3-13 through 3-18 show the resulte for the velocity of
torsional and longitudinal waves calculated from the Lests of Group 1
on Ottawa sand. In these tests the variation of velocity with confining
pressure, density, pore fluid (air, water and dilute glyceuii ~nd
amplitude of vibration was determined. The confining pressures chosen
for each test were approximately 5, 10, 25 and 50 1b./in.2 and the
resuits at each pressure are plotted inm the same figure., Tests were
run at both loose and dense conditions corresponding to a void ratio
of approximately 0.65 and 0.51 respectively. The amplitude of vibrations
was varied over the rangc of rhe smallest measurable vibration to the
maximum attainable with the equipment which was approximately 5 x 10'“ in.

3 rad. for torsion. The ratio of magnitudes

for compression and 1.5 x 10°
of any two successive amplitude measurements is approximately 2:1 as
this corresponds to the ratio of two successive sensitivity settings of
the oscilloscope.

Figures 3-13 through 3-16 show comparisons of velocity between dry
and saturated specimens at the first mode of vibration. Figures 3-13
and 3-14 are torsion tests with loose and dense specimens respectively.
Similar figures for the compression tests are shown by Figs. 3-15 and 3-16.
In addition the tests in which the first and second mode velocities
were measured are plotted individuaily. The second mode velocity could

not he measured in the early compression tests since the apparatus was

not fully developed until after test No. 15,
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dry and saturated with water.
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18 Variation of velocity with amplitude for Ottawa

sand saturated with dilute glycerin.
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Group L1

The veloctty test results for the glass beads are shown in Figs.
3-19 throuen 3-22 These tests included two sizes of beads one of which
corresponds to a grain size near Ottawa sand and the other a silt grain
size. The tests were performed the same as those in Group I except that
only the dense condition was tested. This corresponded to a void ratio
of around 0,58 for both sizes of beads. The large beads had « specific
gravity of 2,499 which is slightly less than Ottawa sand but the silt
size beads had a specific gravity of 4.31 which is much greater than
most soils. kach specimen except that for test 24 was tested in the
dry condition and then in the saturated condition, The results are
plotted to show the comp:rison c¢f dry and saturated conditions of each
test,
Group IT1

Velocity tests were run or. a compacted specimen of Novaculite No.
1250 with the torsien apparatus. This is a crushed quartz material with
ten per cent ot the particles less than 0.002 mm. The behavior of this
material is quite different than for that of Ottawa sand and glass beads
due to the very small grain size. The stress wave velocities depend
upon time as well as stress history. During test 28, which started
at a void ratio of 0.83 under a pressure of 14 psi, the specimen
consolidated to a void ratio of 0.80 after having been subjected to
a str=ss cycle with confining pressures as high as 50 lb./in.2

The computed velocities from the tests on Novaculite ar2 stoun
in Figs. 3-23 and 3-24. A pressure was applied to the specimen and
frequency readings were taken at different time intervals after the
pressure increment was applied. These time intervals are noted in

the figures and represent the total elapsed time after the pressure
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Variation of velocity with amplitude for glass beads

No. 0017 in the dry condition.
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was applied to the specimen. The stress history of tesi No. 28 was as

follows.

1.

[>)}

The specimcn was compacted and placed under a vacuum.
Measurements were made for void ratio giving a value of

€ = 0.83.
The specimen was placed in the triaxial cell and a pressure
of 2030 lb./fr.2 was applied. Velocity and damping measure-
wents were made intermittently over a period of 38 hr.
The pressure raised to 4100 1b./ft.2 Velocity and damping-
ing measurements were made intermittently over a period of
140 hr.
The pressure was rebounded to 2050 1b./ft.2 and measurements
ot velocity and damping were made irtermittently over a period
of 12 hr.
‘The specimen was placed under a vacuum and measurements were
made for void ratio which gave a value of € = 0.81.
The specimen was replaced and the triazial cell and the

2 Measurements of velocity

pressure was raised to 7270 1b./ft.
and damping were made intermittently over a period of 13 hr.

The pressure was reduced to 4130 1b./ftl2 and measurements of
velocity and damping were made intermittently over a period of

30 hr.

Final measurements under a vacuum gave a value of e =0.80.

The Novaculite properties were not only sensitive to time and

stress history but also to vibrations, During the time intervals between

measurements the specimen was not vibrated. The first measurements

after each time interval were made at low amplitudes of vibration. The




following medsurements were made at increasing amplitudes until the
maxinum amplitude obtainable with the apparatus was reached. Since the
high amplitudc vibrations affect the low amplitude measurements a second
set of measurements were usually taken after the specimen had been
vibrating at high amplitude tor a period of approximately five minutes.
These two methods of measurement are indicatad in the figures by arrows

on cach curve,

Damping

Group 1

Figures 3-25 through 3-29 show the results of logarithmic decrement
for Ottawa sand obtatned from decay curves of Group I. 1In general the
decay curves were such that the logarithm of amplitude plotted against
wave number on semi-log paper was a straight liue., The slope of this
line represerts the value of logarithmic decrement which is computed
from the relationship given by Eq. (112). rhis value ot logarithmic
decrement was taken -o be the value corresponding to an amplitude oqual
to the steady state amplitude at which the specimen was vibrating
before the power was turned off. In cases of high amplitude and large
values of 6 the plotL of logarithm of amplitude vs. wave number was
not a straight line but a curve of decreasing slope. 1In this case the
value for logarithmic decrement was taken as the average slore of the
first several cycles of the decay curve.

Tests in Group I were to determine the variation of damping
with confining pressure, amplitude of vibration, pore fluid (air,
water or dilute glycerin) and density for both torsion and compression.

Figure 3-25 shows the comparison of logarithmic decrement in the

first mode for the dry and saturated condition of loose Ottawa sand in
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torsion, The same comparison 1s made for the longitudinal wave o the

dense :ad loose conditions as shown in Figs. 3-26 and 3-27 respectively.
Figures 3-28 and 3-29 show the results for Ottawa sand saturated with
glycerin.
Group 11

Figures 3-30 (hrough 3-32 show the results for damping calculated
from the test results for glass beads. These were tested in the dense
condition for the dry and saturated case under torsion and compression
The results are plotted showing the variation with pressure and amplitude
for the first mode of vibration.
Group TII

Figures 3-33 through 3-Lo show the damping results in torsion for
Novaculite. The same procedure for taking measurements as described in
the results for velocity was followed. The stress history is also as
described in the velocity results. The group of measurements made at
each pressure are plotted separately. The damping results obtained
when the specimen was rebounded to a contining pressure of 2050 lb./tt.2
were affected by the pickup touching the permanent magnet and are not

shown.

D, DISCUSSION OF RESULTS

Results for Velocity

Groups I and II

The materials used in Groups I and II are quite distinct in
thelr behavior compared to the Novaculite No. 1250 used in Group III
and will therefore be discussed separately. The effect of amplitude
of vibration, confining pressure, density, pore fluid and type of

material will be discussed separately.
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Effect of amplitude. When discussing Lhe ctfect of amplitude on

wave velocity other variables must enter the discussion since the ampli-
tade cffect on velocity differs under various conditions. First consider
tiie resilts for Oiiawa sand in the dry and loose condition under torsional
vibrations as shown in Fig. 3-14, It cun be observed that at any given
confining pressure the shear wave velocity decreases as tne amplitude of
vibration increases. The variation of velority with amplitude in the
range of the highest measurable amplitudes is lesc than it is in the

range of the lowest measurable amplitiides. The velocity variation is

also smaller at high pressures than at low pressures, Fignure 3-16 shows
the results for Ottawa sand in the dry and loose condition for compressive
vaves. Tt can be seen that the velocity of the compressive wave also
decreases with increasing amnlitude of vibration. The per cent variation
between the lowest and highest measured velucity is approximately the

same for torsion and compression at equal confining pressures. This
corresponds to approximately 10 per cent variation at the low con-

fining pressure and 2 per ceant variation at the high confining pressure.
Comparison of the variation of velocity with amplitude for the loose

and dense conditinns shows that the difference in the amount of variation
with amplitude between the two conditions is very small. TFigure 3-13
compares the shear wave velocity vs. amplitude measurements for dry and
saturated Ottawa sand in the dense condition. Saturation causes the
eurves to he almost flat except for double amplitudes below approximately
0.3 x 10°? rad. The same thing happens in the loose conditicn as shown

in Fig. 3-14. Figure 3-15 shcws comparison of the compressive wave velocity
vs. amplitude for dry and saturated Ottawa sand in the dense condition.

It can be seen that the curves for velocity vs. amplitude are affected in




muich the same way as tiwy cre for the shear wave., At double amplitudes
=3,

& ipproxtamately 0.2 10°° in the curves are almost flat. The same

bohavior 1s also noted in Fig. 3-16 which shows the comparison between the

dry and saturated variation of velocity with amplitude for leoss Ottawa
sanc. Tests were run to determinre the variation of the compressive wave
velocity with amplitude for Ottawa sand saturated with ditute glycerip.
Thesc tests ate shown in Figs. 3-17 and 3-18. The results for these
tests arce nearly the same as those saturated witnh watcr. There is o
slight -rend, however, for the curves to be flscter at double amplitudes
above 0.2 v {7 in.

lhe glass beads which were tested in Group II behave somewhat
differently than the Ottawa sand, Figure 3-19 shows the result for
shear wave velocity with the beads No. 2847 which are approximately the
same <ize as Ottawa sand. The effect of amplitude on shear wave velocity
is about the same as that for Ottawa sand in both the dry and saturated
condition. The results of the sam2 beads tor the compressive wave are
somewhat different than that for Ottawa sand. There is a more pronounced
variation of velocity with awplitude as shown in Fig. 3-21. Although
the maximum amplitudes ot vibration in the saturated condition are not
as high as those in the dry condition, it appear: tbhat most of the
velocity variation takes place at low amplitudes and the curves will
flatten out at double amplitudes above 0 3 x 1073 in. The shear wave
velocity variarion with amplitude tor tne glass beads No. 0017 is shown
in Fig. 3-20 for both the dry and water saturated condition. In this
case saturation of the matcrial does not cause the change as it did
for the nther two materials. There are two factors which might account
for Lhis _ondition. One is the fact that the grain size is much smaller

and the other is the fact Lhat thc specific gravity of the solids is

] omame —— (== De=— -] [ ] [ ] (— [ ] L
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about 1.7 times that for the other materials. It seems reasonable to

suspect that the difterence is caused mostly by the change 1n specific
gravity. The variation of velocity with amplitude for the compressive
wave was only obtained for the dry condition with the glass heads HNo
00l7. This is shown in Fig. 3-22. Again there is a greater velocity
variation with amplitide than for the other materials,

1f a material has a non-linear stress-st-ain curve then the shape
of the resonance curve will be distorted u. cumpared to Lhe case of a
material with a linear stress-strain curve. If the elastic modulug of
a material decreases with increasing strain, then the peak of the
resonance curve will shift towards lower frequencies for increasing
amplitudes of vibration. For the case when the modulus increases with
strain, then the peak of the recsoaance curve will shift towards higher
frequencies for increasing amplitudes, Figure 3-37 shows the variation
of amplitude with frequency for longitudinal vibrations of dry Ottawa
sand in the loose condition under a confining pressure of 619 1b./ft,2
For different values of exciting force, the frequency for maximum
arplitude will lie on the dashed line. The skewed shape of tlie resonance
curve indicates that the elastic modulus of the Ottawa sand decreases
with increasing strain.

Effect of confining pressure. Figures 3-38 and 3-39 show shear and
compressive wave velocities ploulied as a function of confining pressure
for Ottawa sand., The shear wave velocitics were chosen at a double
amplitude of 0.5 x 10'3 in. The slope of the curves is generally greate:
at low confining pressures than at high confining pressures. At pressures
above 2000 1b./ft.2 the velocity varies with the 0.25 power of confining

pressure. Density and saturation both affect the velocity. The dense




Double Amplitude, in.

tudinal vibrations of

Fig. 3-37 Variation of amplitude with frequency for longi-

pressure of 619 1b./ft.

230

Frequency, cycles/sec.

Ogtawa sand in the dry condition under a confining
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condition gives a higher velocity as would be expected since a dense
material will have a higher modulus than a loose material. An addition
of water to the specimen increases its mass without adding any stiffress.

This results in a decrecase in velocity as would be predicted by the rela-

In the case of a saturated material all of the water does not move with

tionship given by

the solid parlicles and so the velocity will not decrease by the amount
indicated by an addition of mass equal to the total mass of water in the
porus. By assuming the same value for shear modulus in the dry and sat-
urated conditions the amount of water which contributes an additional mass
to the material for Ottawa sand is about 35 to 40 per cent of the total
amount of water in the pores.

The variation of velocity with confining pressure for the glass
beads is shown in Figs. 3-40 and 3-41. The velocities were taken at the same
amplitudes as mentioned for (ttawa sand. At the higher conf'ning pressures
the vetccity for the glass beads Mo, 2847 varies with about the 0.25 power
of coufining pressure while the glass tcads Nu. 0017 vary with about 0.21
power of confining pressure. More tests would have to be run to establish
definitely these values. The slope for the fine glass beads is low com-
parcd to the other granular materials. For the torsion test of the dry
glass beads No. 0017 shown in Fig. 3-41 two points are designated at the low
pressure as A and B, This test was set up and allowed to stand for a
period of two days at the confining pressure indicated at point A. Velocity

measurements were made for point A and then the pressure was iacreased in
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increments to determine the values of velocity for the bigher pressures of
the curve. After the specimen had been tested at its maximum confining
pressure the pressure was reduced to the value correspronding to point B,
The velocity at this point was less than the {nitial value that was measuvred,
This decrease in velocity cannot be due to consolidation since thic would

noincrease wn velocity. Duaring the test the pore precesurc linc was
placed in water in order to detect any consolidation when the confining
pressure was increased. No consolidation was detected in this way, but a
slight tine effect was noted after a change of confining pressure. Over a
period of about 15 minutes there was an increase in velocity of about 1.5
per cent at 3580 lb./ft.2 One per cent of this occurred in the first 5
minutes.
Group IIT

There was only one test in this group for measuring velocity and

it was performed on Novaculite No, 1250 in torsion.

Effect of amplitude. The measurements of the variation of shear

wave velocity with amplitude of vibration are shown in Figs. 3-23 and 2-24.
For this material there was also a variation of velocity with amplitude

at any given time for a particular confining pressure. The times indi-
tate the period over which the indicated pressure has been applied to

the specimen. It can be seen that as the specimen is allowed to stand

at a given pressure the velocity increases. The variation of velocity
with amplitude of vibration depends upun how the measurements are taken.

I[ Lhe specimen sits tor a long period of time and velocity measurements
are made starting at small amplitudes, the velocity remains independent

of amplitude up to & certain point after which the velocity decreases

with amplitude. When continued up to the highest amplitude obtainable




-

a curve is detined which is concave downward 1f the velocities are again
measured starting at a high amplitude of vibration the curve ot velocity
vs. amplicude is concave upward and the velocities are smaller than those
made tore, This deciease in velocity Ls regained over a period of time
as shown in Figs 3-23 and 3-24. The increase of velocity with time must he
due to an intergranular action which can be destroyed by vibration but is
buiit up again if the specimen is allowed to sit over a long enough period.
A change of confining pressure aiso causes a temporary reduction in wave
velocity. This was observed by the change of phase relationship between
the driving force and the output of the velocity pickup. 1f the driving
frequency is below rhe natural frequency of the specimen there will be a
change of phase which will be opposite to that for the case when the driving
frequency is above the natural frequency of the specimen. The driving
frequency was adjusted to the natural frequency of the specimen and then
the confining pressure was increased. As the pressure increased the change
of phase relationships indicated that at first the velocity decreased and
then incrcased above the value which was measured before the plessure change,
When the confining pressure was reduced from a higher value to a
lower value the velocity decreased and then 1f allowed ¢o sit, the value
would increase, this is shown in the sets of curves which are designated
as rebounded to the pressure indicated. The order of magnitudes of increase
in velecity are still quite significant when the specimen is rebounded.
Since the velocity at any given confining pressurve is time dependent

the variation of velccity with pressure cannat he specifically defined.




dampin:
Group 1
tesults tor the variation of damping with amplitude for the
Ot wand will be discussed first and then compared with the other

matcrivals,  The effect of amplitude, confining pressure and pore fluid
'l be discussed.

Eifect of amplitude. In geweral, the losarithmic decrement for

dry Ottava sand decreases with a decrcase of amplitude of vibration.

For the shear wave in the dry condition, as shown in Fig. 3-25, the
averdge variation in the first mode is with the 0.23 power ot amplitude.
The value of 0.23 is an average for all pressures, and the individual
values iange from 0.16 te 0,29, Results for the comprescive wave in

tho dry condition ave shown in Figs, 3-26 and 3-27. For -he first

mode of vibraticn the average variation of logarithmic decrement is

with the 0.25 power of amplitude in both cases. Individual values vary
from 0.16 to 0.3, When the Ottasa sand is saturated with water the var-
iation of logaritimic decrement with amplitude is decreased. For the
shear wave the logarithmic decrement varies anywhere from the 0.0 to 0,13
power of amplitude. The compressive wave shows practically no variation
of logarithialc decvemen! with amplitude in the saturated conditicn.
Figures 5-28 and 3-29 show the results when dilite glycerin was used as

the pore fluid, The results are very much the same as those for the water

saturated condition in that there is practically no variacion of logarithmic

decrement with amplitude of vibration.

Effect of confining pressure. The curves generally show that the

logarithmic deccement decreases as the confining pressure is increased.

However, ‘n some cases the damping increases when the confining pressure

—




is increased. Als~, cinee the curves of logarithmic decrement vs. ampli-
tude are not pavallel tor different contining pressures this indicates
that the pressure variation depends upon the amplitude of vibration. The

inconsistency of the results is such that the only definite observalion

is that the damping tends to decrease with an increase of confining pressurc

Effect of density. The effect of the specimen being locose or dense

is rather small. Figures 3-26 and 3-27 show the results for the compressive
wave in the loose and dense conditions. Any differences between the loose
and dense conditions for the dry tests are too small to be detected. The
ettect of amplitude is much more significant than any effects due to
differences in density. Figures 3-26 and 3-27 show 1esults tor Ottawa sand
saturated with water and Figs. 3-28 and 3-29 show results for the same na-
terial saturated with dilute giyeerin., Ditferences between the loose and
dense conditions are also insignificant in these cases.

Effect of pore fluid. Figures 3-25, 3-26, and 3-27 compare the difter-

ence between dry and water saturated Ottawa sand. The affect of the watcr
apparently depends upon the amplitude ot vibration since the slopes [or the
dry condition are greater than the slopes for the saturated condition. Over
the range of amplitudes measured the water increases the logarithmic decre-
ment by a factor of 1.5 to 4 times that for the dry condition. Comparison

of Figs. 3-26 and 3-28 as well as Figs. 3-27 ard 3-2Y show that there is
practically no difference between the tests in which the specimen is saturated
with water and with dilute glycerin.

Group IT

Effect of amplitude. The results of damping for the glass beads are

shown in Figs. 3-30 through 3-32. TFor the glass beads No. 284/ the average

variation of logarithmic decrement in the dry condition is with about the 0,32




power ot amplitude In the saturared condition the damping varies with about

the 0.15 power of amplitude. The glass beads No. 0017 behave somewhat dif-
fercut than the other beads or Ottawa sand. In Fig. 3-31 it can be seen that
as the amplitude of vibrations is dcecreased the damping becomes less dependen
upon amplitude. At higher amplitudes iogaritimic decremene vaties wilh

ab the 0.54 power of amplitude in the dry condition and with approri-
mately the 0.47 power of amplitude in the saturated conditioun. It seems

that the variation of damping with amplitude for the dry matei.al i3 a
by the tvpe of grain surface. The glass beads have a very smooth surface
compared to the surface of Ottawa sand. It would be difficulr to determine
from the data whether the difference betweea the large and small glass beacs
is due to the size effect or the difference in density. An increase in
density should tend to cause a decrease in the logarithmic decrement because
of the increased mass. Comparison with the twc types of beads chows that a
smaller amount of damping is associated with the higher density beads.

Effect of confining pressure. As with the Ottawa sand the varia-

tions of damping with contining pressure are such that the oaly observation
that can be made is that there is generally a decrease in damping with con-
fining pressure.

Effect of pore fluid. The saturation of the glass beads No. 28:7 has

the same effect as it did in the Ottawa sand. The values for damping were
increased and the variativa of damping with amplitude was reduced, indi-
cating that the amount of damping contributed by the water increases al
smaller amplitudes. Figure 3-31 shows that for the glass beads No, 0017
the amount of damping contributed by the water is alsn greater at smaller
amplitudes but to a much smaller extent. This difference is mest likely
due to the higher specific gravity of the beads in comparison to that cf

the water.




Group 111

Effect of amplitude. The variation of logarithmic decrement with

amplitude for this waterial does not plot as a stralght line on a full
logarithmic scale ¢/t double amplitudes below about 3 x 1074 rad., the
logarithmic decrement does not vary mich with amplitude. This corresponds
o approximately the same nrder of maonitude in vhich there vas - v
little variation of velocity with amplitude. At higher amplitudes there
is a significanl variation of damping with amplitude. As the specimen
was allowed to stand under a given confining pressure the damping de-
creased. 1f values of damping were then measured starting with low am-
plitudes and increasing the amplitudes until measurements were finally
made at the highest attainable with the equipment, a curve corresponding
to the lowest curve in Fig. 3-33 was obtained. 1f the specimen was then
aliowed to vibrate at high amplitules over a period of approximately 5
min., then the cutve corresponding to the triangular points was oblaine!.
Thus, the time effect which resulted in a decrease in cdamping could be
destroyed by vibrations of high amplitude.

Effect of confining pressure. When Lhe confining prescure was

increased after having been maintained at a steady value over a long
period of time, the damping increased. After a new pressure wac rcachsad
the damping started to decrease with time. If high amplitude vibrations
vere applied to the specimen, the decrease ot damping that ocenrred over
a period of time could be destroyed. If the values of damping are com-
pared at low amplitudes for the different confining p;cssures, it can be
seen that time is more significant than confining pressure. The values
of damping for low amplitudes at each confining pressure are all within

the same order of magnitude,



Comparison ot Resnlts with Those of Pirevious Tnvestigators

ooy

cet confining pressure, The most extensive study of the
ettoct ntining pressure on the velocity of stress waves in Ottawa ‘
sand has been piven by HNardin (1961) e reanlts showed fair Acreement
with 4 [ other investigators. He found that the veloclity of both !
ind compressive waves in Ottawa sand varied with the 0.25 power ]
!

2

at contining pressures above 2000 1b./ft. At lower pressires he found
that the power was between the 1/3 and the 1/2 powers, 7The resulls in
this investigation also showed that the variation of veclocity with con-
fining piessure was vith the 0,25 puwer at prassures above 2000 1b./fc.2
[hus, the results are in very good agrcement with those obtained by
Hardin. Figures 3-42 and 3-43 show the results of tosts by Hardin for
Otta~a sand. Ilis measurements did not include an evaluation of the ampli-
tude of vibrations, but they are estimated to be in the order of 5 x 10-4

2
rad. tor torsion and 2 x 10°* in. for compression.

Effect of amplitude. Itardin found that there was a decrease in

the shear wave velocity of about 5 per cent when the amplitude was in-
creased by a factor of 3.0, Duffy and Mindlin in their experiments on
1/8 in. diameter stevel balls found that a reduction in amplitude from
12 x 1077 in. to 2 x 1077 in. resulted in a 1 per cent increase of

velocity. Variations as grcat as 10 to 15 per cent in velocity were

S

found in the present work, but these vere measured over a much greater

range of amplitudes than those above.

Comparison with Theoretical Results r

Effect of confining pressure, The theory of Duffy and Mindlin

predicts that the stress wave velocities for granular materials will
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vary w.th the 1/6 power of confining pressare. 7Thts 1s based upon per-

fect sphercs packed in 3z faee centered cubic array. A square packing of
spheres alse predicts a varfaticn of velocity with th2 1/6 power of con-
fining pressurd The experimental results ot Duffy and Mindlin showcd
that the variation at low confining pressures was with about rhe 174
power of confining pressure. As the :confining pressure was increased
the variation more closely approached the 1/6 power. Thus, granular
matnriale which are quite different than steel spheres wnnld he likely
to vary with a power greater than the 1/6 power. The experimental
Fesuito whiidls indivuce a vapiation wilh the 1/4 power at higher con-
iining pressures agree quite well when the difference betwcen the

actual and theorctical material is considered.

The theory of Duffy and Mindlin also predicts that the variation
of logarithmic decrement will be with the -1/3 power of confining
pressurc. Results in this investigation indicated a trend towards a
decrease of logarithmic decrement vith confining pressure. bhut thn
results were not consistent enough tou determine exactly what the var-
facion was.

Effect of amplitude. The theory of Pisarenkc predicts that Zor a

material with a non-linear ctress-strain relatiouship the frequency will
decrease with an increase ol amplitude of vibration. The maximum amplitude
for various values of exciting force will lie on a line which forms a second
degree parabola with an origin and vertical tangent at &J/QLG =1.0
Experimental rzsults foi Giiawa saud and glass beads show that the maximum
amplitude for various exciting forces lies on a curve indicated in Fig.

3-37 which is concave upward instead of concave downward as predicted by

Pisarenko's theory., The theory might possibly indicate a different relationship




if it is derived using a ditfcrent assumption for the non-linear stress-

strain rcelationship

Tue theory of Duity and Mindlin predicts that the logarithmic

lecrement for a dry granular material is proportional to the amplitude
vibration. The experimental results as measured tend to agree in
that there is an Increase of damping with amplitude, However, for any
one decay curve the logarithmic decrement was generally independent of
amplitude as described under presentation of results, The glass beads
showed a greater variation of logarithmic Jdecrement with amplitude than
the Ottava sand. This seoms reasonable as the glass beads are closer

a perfect material than the Ottawa sand,
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1V, STATIC IESTS FOR DETERMINATION OF

SPEC1FIC DAMPING CAPACLIY

As stated in Section I1 it is possible to calculate the specific
impiny capacity from the hysteresis loop. 1In order to investigate this

rossibility an cpparatus was designed and built which makes it possible
to determine the shape of the hystercsis loop for the special case of o
cylindrical sand specimen subjected to torstonal forces. A tctal of 36
tests on dry, dense Ottawa sand was conducted using different stress
levels and confining pressures.
¢pparatus

Figure 4-1 shows the apparaltus used for the torsion tests. The
specimen 1is confined by a rubber membrane and two plastic caps. It is
pproximately 10" long and has a diamcter of 1.,5", This specimen is
fixed in a horizonta! position en a steel frame in such a way that one
cap is in rigid contact with the frame while Lhe other is able to turn
a~ound an adjustable pivot. A possible slip between sample and caps
is prevented by a thin layer of sand which has been glued to the
s rface of the caps.

The confining pressure on the sample can be controlled through 4
vacuum line cunnected to the tixed end cap.

Torsional moments can be applind to the sample through a balanced
beam which is fixed to the free end cap. This beam is rigged up as a
salance with two pans, which can be loaded with weights to give the desired

wisting moment in either direction,
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membrane

Fixed end cap E
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section A-A)
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Fiy. 4-1. - Apparatus for Torsion Test cn Sand
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Angular detlections of tue specimen are measured by the vertical
movement of an clectrical contact point on the beam. The actual measuring
device is a micromcter (accuracy 10-4 inch) which is fixed on, but
electrically insulated from, the frame. Through an electrical circuit
(Micromete r-Ohnmeter-frame-pivot-beam-contact point) it is possib!: ¢

serve Lhe exact moment of contact between the mizrometer and the contact
point. Thus, the vertical position of the contact point can be determined
vithout loading the beam with a force from the micromerer.,
[he_specimens
All specimens were prepared from oven=-dried Ottawa sand, which

was found to have the grain size distribution

Sieve No. % Passing
20 29.0
30 55.7
40 6.2
60 1.2
80 0.4
140 0.1

znd the spect fic gravity G = 2.66.

The specimens were compacte? by vibration to maximum density
corresponding to an approximate void ratio of e = 0.49.

The torsional strength of the above type of specimen was determined
at two different values of confining pressure. Th: tailure moment being
defined as the moment which gave an angular deformation of 5 x 10-3 radi ans
per inch. The results of these tests are given on Fig. 4-2,

Repeated loading tests

In this type of tests the specimen is subjected to a moment which
is varied in steps between two levels. For each step the corresponding
deformation i{s observed and the test result is a curve showing the re-
lationship between moment and angular deformation of the sample. A

typical test result is shown on Fig. 4-3, which also defines the terms
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[ . 1nimum luad and load

Lt can b that the wost vmportant variabies of the tests ar.
Contiaing pressure {(vacutw.)
Ampl1tud £ load (moment )

3 Initial load (moment)

sts were carried out at two levels of confining pressure, namely

T =l g el ol Wl W2

Test series 11 (Tests 22-39) at 8.5 (0 6 kg/cmz)
The amplituade of load and the initial load were varied as shown on Fig
4-4 . On this lignre the moment has been expressed in terms of the
unbalanced load on the right pan (see ¥ig. 4-1). This mecacure for
the moment will be used several times below just as the movement of the
contact point will be used as a measure for the angular deformation of
the specimen.

Two more variables should be considercna, namely

4, Rate of testing (time)

5. Stress history of the samplc
As to the rate of testing it should be noted that a ccrtain creep was
observed and the testing procedure was therefore de-i1gned in such a
way that thie sample was allowed to reach a stationary condition under
cach new loading before the corresponding deformation was recorded

1t cach of the 36 tests were carried cut on tresh saaples the
stress history would be well defined, but this was not the case for
the present tests where 18 tests were carried out successively con the
samp sample. However, it can be shiwn that the stress historv is of
little importance provided the sign of the moment changes between each
test Consider Fig. 4-4 and imagine that three experiments are carried

out:

-
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Exp. (a) Test No. 1 on a fresh sample
Lxp. (b) Toat No. 2 un a fresh samplc

Exp. (¢) Test No, 2 on lhe sawple used tor Teal No. 1

\

Fxp. (a) and Lxp. (t t, becat i gymmetry, give ithe samd rdsult

«©

with oppusite sign. I1f Exp. (a) givcs the same result (except for the

) as Bzp. (c) it can, therefore, be concluded that the stress history
i . 1) Las mo effece on the resuli of Exg. (¢). Boih Eizp. (&) and
Exp. (¢) were carried out, A check on the results ol Test No. 1 and Test
No. 2 will show that, within the accuracy of the tests, they give exactly
the same result with opposite sign. This equivalenée does not include the

first loop which seems to be very dependent on the stress history. A

similar comparison can be made between Tests No. 13 and 14, etc.

It can, therefore, be concluded that all the tests gave approximately

the same results as they would have given it they had been carried out on
tresh samples. This evidence is supported by the fact that no significant
change in void ratio was observed when measurements were made between indi-
vidual tests in each series,

During each test the loop was repeated 16 times but observaticns of
the deformaticns were made only for loops Nos. 1, 2, 4, 8, 12 and 16. A
typical set of observations (Test No. 32) is shown in the upper part of
Table 4-1. The points referred to in this table are the points shown on
the nth loop in Fig. 4-3,

Treatment of test results

For each test the results will plot approximately as Fig. 4-3, but

due to -he linited accuracy of the tests and the fact that the higher order

loops will plot on top of cach other, one will find that this type of plot

is5 inconveniens in describing the observed load-deformatinn relationship.
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hus, 1t is necessary to look for other weans af presentiog the test
results. FExamination of the data indicates that two factors are ot
importance, namely:

L. The shape ot the nth loop

2. The position of the nth loop

The shape of the nth loop is completely described by its coordinates

in relation to thic coordinate axes il in rig. » 5. Lthuse axcs have
their origin in the center of gravity of the loop. The new coordinates
ate called reduced load and reduced deformation respectively and they

are readily calculated for each point of the loop froum the formulas

Roduced = Load on - Initial load
load pan
Reduced = Observed - Mean cf observed deformation
deformalion deformation for all points in the loop

The position of the nth loop in relation tn the original axes {s deter-

mined by the coordinates to the origin of axes II. However, as the

first lovp is aifected by the stress history, we du not know the point

of true zero deformation. The absolute position of the nth loop can,
therefore, not be determined from the available test result. By choosing
arbitrarily a system of coordinates (axes I in Fig, 4-3) which has its
origin at the center of gravity for the entire set of cbservations ve
can, however find the pusition of the nth loop relative to any other

loop. Using the centers of gravity for the individual loops as reference

Reduced position = Mean of observations - Mcan of all
of nth loop for nth loop observations

These coordinates are shown in the last column of Table 4-1.

nren amen - Sher



The histogsam

Ou Fi 4-9 is plotted what will be called a histogram for Test
No, 32, The histogram ie a graph showing the reduced deformations
defined ab a function of the logarithm of the loop number. Tach

i he graph reprasents a certain reduced lvad (moment) and the
rs shown on the flrst observations correspond to the numbers shown
the nth loop on Fig. 4-3.

The entire system of lines gives a good picture of the variation
>f the shape of the loops. Noting that a series of equal loops would
correspond to a system of parallel lines it can be concluded from the
histogram that as the loop number increases the shape of the loop approaches
a limit, this limiling loop will be called the specific loop. The reduced
cocrdinates to the specific loop can with good approximation bte calculated
as the average of the reduced coordinates of the 4, 8, 12 and 16th loops.
Next to the histogram is shown the corresponding loop which was calculated

as an average of tests Nos. 32 aad 33.

Coefficient of creep

The heavy curve shown on Fig. 4-5 is a plot of rhe reduced position
nf the nth loop agairst the logarithm of the loop number.

For all 36 tests it was found that for n > 2 this curve ploited as
a straight line. This means that rhe absolute distance to the center of
gravity for the nth loop can be writteun as:

Q, = a, + C loﬂn (4-1)

~Cr

where CZ, is a constant deformation which depends on the stress
history of the sample, and

-11
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Lv s a constant which can be calcufated trom the olope
ot the lime. This constant will in the following be
11lod the cocfficient of crecp. 1t has the dimension
[ deformation.

nokha, (A1) we s that tte distaince between the nth ond the

Vit

Q - U, = (:cr|°ﬂ -

nti

h together with the specific leap gives a good description of the
b navior of the stress-stratn relationship for large values of n., The
result of each test is, theretore, reported a3 the numerical value of
‘ ... which is given in Table 4-10, and the reduced coordinates to the

specific loop which are given in Tables 4-¢ to &-7.

Considerations of symmetry

The accuracy of the test results can be somewhat improved by making
use of symmetry. Tests Nos. 1 and 2 give approximately the same result
ith opposite sign, which 1s not surprising as the main diffzrence bhe-
weet Lhe two tests is a change in the direction of rhe moment., Assuming
that the symmetry exists, the accuracy of the test results can be impreovee
by taking the average of Lhe two tests., Siwmilar considerations can be
made for Tests Nos. 3 and 4 up to 13 and 14, and from 22 to 23 up to 34
and 35,
A study of the results also shows that all the specific loops arc
ncarly symmetcical around their center of gravity, 1f it is assumed that

this symmetry i3 exact, the test results can be improved once more by

averagiag th2 two sides of the loop. ‘The above calcuiations wére made

or all the tests and the results are shown in Tables &4-2 to &4-7.
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From kq. (4-2) Is is ev deal that tor very larpe valies of a there
12 vittaally no difference tn the positior of succeeding loops. The load- )
d "malt relationship can tueiéfore he described as a simple repetition '
pecriie p, a attuation which is voey similar to the behavi t

jal wnder dynamic loading (sce section I1). Assuming that the
cific loop is cquivalent to the dynamic hysteresis loop the specific

danping capacity was calculated for all tests using

_ AW
p = W (2-13)

where A W is the arca of the specific loop and W 1Is the potential

energy at maximum amplitude, A W was readily calculated from the !
coordinates to the specific loop and W was assumed to be equal to the

area of the triangle ABC shown on Fig. 4-3. The results of the calcula-

tions are showa in the summary Tables 4-8 and 4-9. In the same tables

are shown values of the logarithmic decrement calculated from formula (2-14).

The dynamic shear moduli have been calculated for all tests frem the

formul a
o= 32 Mo (4-3)
T ed l
where © = the amplitude of deformation (iad./in.) |
M = the amplitude of moment (lbs./in.) '

d = diameter of specimen (in.)




The tesalis of the calculations are shown in Tables 4-8 and 4-9. 1n the
same frahles are shown values of the velocity of the shear wave calculated

from the formula

e /3

where g = acceleration of gravity and
Y = unit weight of the sample

Discussion of test results

A description was given of the method whereby the load-deformation
relationship for large loop numbers can be descrived by the coefficient of
creep and the specific loop. It was also noted that due to the effect of
stress history ou the first locps, it is not possible to obtain any in-
formation about the absolute deformations from the available test results.

Assuming that tlie specific loop cerresponds to the dynamic hysteresis
loop, calculations were made for the dynamic properties of specific damping
capacity, dynamic shear modulus, and the velocity of the shcur wave.

In order tn be able to compare these latter results with the results
of dynamic tests several graphs were prepared.

Figure 4-6 shows the relationship between the relative amplitude vof
moment and damping., It appears from this graph that the relationship is
independent of the confiniug pressure. 1t also appears that the danping
depends on the initial load. The symmetrical tests (no initial load) showed
a much higher damping than the asymmetrical tests. This is possibly duc to
a relaxation of prestrain effects when the direction of the moment is
reversed., For the tests in which the direction of the moment was unchanged

it was found that the damping increased with increasing inicial load.
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Figute 4-7 shuws the vartation of damping with auplitude of adeformation.
As could be expected the damping increases with amplitude and decredses
with the confining pressure. Just as above a distinct difference between
syrme trical and asymuectrical tests was found, A comparison befween (h
results of the symmctrical tests and similar dynamic tests in the low
mplitude range shows that the damping calculated from the present lests
is of the same magnitude as the damping found from dynamic tests. No
dyuamic tnsts results are available for comparison with the asymmetricai
tests. The variation of the calculated velocity of shear waves with
amplitude of deformation is shown on Fig. 4-8., The values calculated
from the symmetrical tests are 10% - 20% lower than tre corresponding
values measured in dynamic tests.

Figure 4-9 shows the relationship between the coefficient of creep
and the initial moment., It is evident from this graph that the creep

increases with increasing initial load and amplitude of moment.

<17




—O-

Legend:

O h

~ I0R Lo o 30.5

= 0.8 4 ”:"jo"‘

= g

204 p 0.3
i} 0.2 &
i 9

o fdl e 017

| i | i u
wi i R L i
i

et

1
L

Lard 4

s 1w

Amplitude of deformation (radians per inch)

e

0.4

= 3 o /:'/ — .
: A 8 o
ol "':':':::.T' el R 9
o AT & pfif Bt
e 3 i 12 |
....... HEr s i K Bl
i R =, i . ,lﬂﬂ;l!
ay £ T A e O IR I - | == el = =
- e SRS mw i My 3
iu -'r'r e F-d-% 8 b4 +a I e, A E,l!
. il SEe IR . -
il B B e £3 4 HH =t
L1t | torih s s dagdbe 580 1: e

4 10~5

6

g8 107%

2
Amplitude of deformation {radians per inch)

4

L

= 1073

=Ganfining pressure
12§ psi.

---4--. ~Conlining rressure
8.5 psi "

-—————

Nota: The numbers which |
are tyred near the

voints indicate values

of the ratios

Initial load/Amplitude

Fig. 4-7. - Relationship between damping and amplictude of deformation

load

-

——

Srarenrn



f T

mEsy A8 e sk

[s- - U8

Velocity of shzar wave ft/sec

Veloelty of shear wave ft/sec

<
Q
(=}

2
8

g

4-19
Legend:
0 - Vacuum 12.8 psi
+ = Vacuum 8,5 psi

Note: The number next
to the poinis indicate
values of the ratio:
Initial load/Amplitude
of load

o =1
0

J--
L1075 ¢ 8 10 2 4 P

[

Amplitude of deformation in radians per inch

Fig. 4-8 Relationship between wave velocity and amplitude of deformation




Rl

. .;;: - Hi:l Iﬁ T“ﬂg J : ':
IS =i : ﬂ@%% ‘H%ﬁ =
i e E iy e
L] E'IIHlﬂlﬂlllﬂ [l ik

ol Y F

Curve A B C D E F

Confining

pressure
psi 12.8 12.8 12.8 8.5 8.5 8.5

Amplitude
of moment
in.-1b, 0.515 1.03 2.06 0.386 Cc.773 1,545

Points marked ? are uncertain.

Fig. 4-9. - Relationship between coefficient of creep
and initial load.




*( ur .0l :1tun) Jutod 15e3UED Y3 3O IUBWAILOW Y3 j0 sw1a3 ui passaidxs ST uoOTIBWIOFIP IYL

$6°97- (OS5I~ T -
€€ 'Gr- 06761~ Tt -
69°9Z- 00°91- <i°% -
€8°92- 0121~ O1°6G -
13 (641 v
7 G7- C'CI- Ok -
97 TSl %€
8°C¢- 9°91- 8°7 -
€' ¢t ¢Sl 0°¢
Lrez- $'91- Gy -
6°CC 6761 b
Scg- gUei- 'S -
<- - 01-
1 A
suiog ng  1uTO
'@ 7 "I >

sdooy o131o9ds 103 Sajeulpicos padpdy - “Z-7 T1AVE

€7 1z
0£°9¢
08792
08°9¢

<0° ¢ 6l 31 06" LT
0S°¢6 SET LT [T AN
09°9 01°¢L 00° (¢
45 01" (1 S5L°9¢

doot 213173ds auwks 2yl dAIS uoTIRIOL

S0 % ¢6°9 - €2°81-
8¢ 60°9 - €9° (T~
£€9°% 8%°'9 - €1°4L1-
88° % 06°9 - €1°¢L1-
1est1iaumks st doof or3jtoeds ay3 eyl
SO ¢ 00°L - 0€°81-
S9°¢ 09°'9 - 0)'81-
0s°Y S€'9 - ST (L1~
S9° % 5¢°9 - SI°/L1-
-8au pue ‘'sod zeys
1°4- 8 L1~ £°8¢- 1°%- L9 6° L1
0°L S 81 S LT FA 5 €L - L°81-~
1°9- 891~ 1°8z- 1°%- e°9 7 81
6°Y 6° L1 %°9¢ Z°t€ 9°9 - 9° L1~
LEE= ¢ L1 [T 0°6- G*a (A
[} 01 £ LT 0"y c°9 - 0" L1~
9 9~ £€°11- 97 LC~ 9° - L9 rANA |
6°0 6°'91 6 ISE L% 8°G¢ - 1° L1~
01 1% 0¢ 01 o1~ 0t~
i 9 S t 1
urog jutod ICcTOgd jutod jutod Juicd
DAY |

€L°61
£€6°61
00°91
€1°91

08°¢1
€1°¢1
00°91
S1°91

.—..v~l

S°GT

9°61-

L7

0°91-

0°91

ﬂ-nw.ml

¢ 91

0g

00€

00¢

00T
0

JUNSSY

00€
00¢
001

3UMSsy

00¢

00¢

001

0

+18

peol
"uTR

00%
00¢
00¢
001

00%
00¢
093¢
001

001

swead ur

*18
Feol
- xeR

t23CN

*3ou
csod
*8au
*sod
+8au
*sod
-3ou
*sod

uo13
-gl0Y4

)

Y
9

~ NN O ™~

npoy

-oN
1591



| o — { e— i o e [ E . = ) —
|
W sdeo] o13108ds 303 SaIBPUTPIOOD pIINPAY - ‘C-% ITAVL
|
7 “(rer 01 rr} jutod 150PIU0D BYJ JO JUSWIAOW BY] JO SWIAI Ul passaidxa ST wOTIEWIOIOP Byl IION
| €9°611 ¢€E€°1¢ SET01 3¢€°9¢- £9°08 - 0 00% v1-€1
ﬂ 1eotralaumks st doo~ d13Fiveds 2yl ITYF 2UMSSY
_ TLTI- 718 - 08°0T- 03°¢E SN°08 06°€IT S%°1¢ 06°6 g6'9¢- 0218 - 0 007 w1-€1
|
v doo7 2T3roads owes Ayl 2a18 ucilelox ‘Bau pue ‘sod JBH) SWNSSY
|
,
h ‘St 1 6°T1 1% 8 LL- €811~ 6°1¢- €1t RSIE 6°8L - - *3au A
| (DRG0 (o (2711 € | i AS(E = o (S5 \m €28 L €4 S i £ ¢ 8 G g€~  6'€8 - 0 00% "sod €N
|
2o~ Q- (07 oY 0z¢ 002 01 oY 0 Litd oct- surz1d ur pEOY padnpay
| €1° €S CE6C €l e S6°€1- €9°vE- 00¢ oo% ZT1-11
01°0S 89°87C 88° L 06°c1~- 38°1¢- 0 00¢ 01-6
| 1edrx3awwis sT doot dr3rcads ayl T SUNSSY
19775 - GT767- Q%L - GLUEd Gewe 09° €5 S%'6C O1° . S1 '%1- 00°GE- 00¢ 007 ¢I-11
0c - 0S°§i- L= itel SC1€ 06795 68787 06! G221~ 0§°¢¢E- 0 097 01-6
dool o1yiosads ames a2yl saT18 uvorjejoxr "Ssu pue ‘sod eyl SUNSSY
g< C6C 8°€1- 8 vE- O 9%~ S*6u- 0L - (v | 776G = = *8au A
, (2 - 67~ a L7l L°EE €S W (5 (A3 §°€1~- 8'%wE- 00¢ 007 *sod 11
Z°0¢ 5 8¢C o8 G'Cl- € 1¢e- 9°06G- g °8e- o)yl = w11 6°1¢ - - ‘Eau 01
Jist= (TS 6°¢1 Z2°1e %7°0¢ 6°8¢ z°8 1°€1- T1°¢ee- 0 002 cod 6
T 0% - 17 09 001t 0o 0¢ D oA 09- sweid ur peo] padnpay
i 1 6 9 S Y € z 1 *13 * 8
5 .
uicgd 3 d o iured 1utod Jutod Jurog jurog Jurod peot pEOT uot1l *ON
OOC00EmD D 66000000000 oc e e ‘UTW *XER -804 Isal
| = Tty tSON < doo1 »13193ds jo siuved c3 soa3eurpiood




SAdOOT d1jI0als iy, S83TUTPACOD pPoduUpPaY - %=y 14Vl
iS4 'Y " . - N -
®(°Ul 4, 0T ®-TUGj JU 0d FDBIUCD o} JO JUWSAOL oiy, JC SLIIF UL Possalixd ST UUTJELIOSIY YL 3830)

00°L2E- 05°681- 09°€3 - 0L°¢C 6I°93 SB°BST §2°72¢ OI°€sz U0°LZE 0§°68T 09°€R  CE°2 = S1°9z~ S$8°89T- sz°vees CL €8¢~

9°TZE~ T°98T= €'2s - L'T - &°98 74ST  >'Tke 96k Teee 6°eel 6°7s €9 = T'98— £°091- 9°9ge- T
007 ooe- 00z~ A 0 (V0] § e oce 007 00€ 00¢ (0078 €] (00] & COc- (0L-

[8.29)

8T "OH 4s3)

CT°c6T-69°80T= SE°%: = SL°TE  00°76 OT°TST ST'66T 22°30T SE°¥E 5471~ 00776 - JT* 161~

sL

*Sol- §°80T~ £°%6 = 2°1¢ 76 $°05T 0°00c §°80T Z°% £rgE~  9°€d6 - BUISTT

coe- 002 (00) i 0 (Vo) ¢ 00¢ o€ 00¢ (C)8 G oot~ 0™

AR EEA

*pauusse 0L°69= CQ°T7~ 0§°31~ u9't 09°72  2°%7  CL°S9  02°TY  0ST8L 09°€ - 09° ¢~ SZ°97-
st KAxjeurzAs JT UC: el
~20j@D £83BOTLUT BUT] pPIf 9°g9= 117 1°s1~ €€ 9°7c 1°67 £°59 &°07 6°ct 5%t = 9*72= 07°57
*(wout , _01) uecrsuw (074 G 0s= (B) o 0 07 0s oct 08 o o] or 05~
-1032p $23B2THUT BUL] BUE
9. "CN 3s3}

SI°T6- g¢'02~ So°¢ = 9970 00°Ti 0OT°Tle  ST°Te  6Ge°0C  §98°0 §5°0 = CO°11- COTl'le~

_ 2 ZI0K
_ T°iE~ &°Ce- 35 - L0 2L 602 I TOZ 6% 2°0 =  8°0T- €'T2-
cy- ov- e 0 oc o7 09 oy e 0 0c= or
JT A 7 1 L i ol 6 ¢ L 9 S v ¢ z 1
quiog  JUISF  HUO. .U WU Piog  pli0]  yiled RUIGG A9I9G  JUTO4  RMICE  HI0D 340 U FuI0g
_ - .1 ] -— - S 1 S |
L B I




A S
€S 12- 06717 - GG Z-
0717 0£°27- 0L°€-
00°1¢- 6S€°21- 09°¢-
.2°1¢- 06°¢l- SCTy-
/717 L' 1°C
217 - T FH - I.Na
¢ 17 . 5§ -
6 07~ 6°1.- g €
N 1¢ S 21 0%
J - DA B 2 €=
P L cl 7
RO Y A "t Th-
t- §'¢7- Cl-
1r10d uarod d
57 1°8°% ON o1

sdoo 2tjioeds 103 Sa3 upIOOD padnpay - “G-% ITEVL

€5°9 0Z°61
Gr" ¢ $6°¢CT
00" ¢ 06°<1
€% 0% 7l

[ YA
€e"1¢
£1°1¢
€€°1¢

88°11
£1°21
€921

A A

Sv'T
0s°¢
GG
€L e

89°'9-
[ A S
o0°6-
cuG-

1est13sumfs st dooy orjrceds

€622
Sv°1¢
ST 1e
ov 1¢

€3 11
G6°T1
0s° ¢l
L TARA

et
og*
07*
5

o LY Y
el Naa My

08 ¢-
oz ¢
00" ¢-
c1 ¢~

dosy o131o3ds sumes =2yl 3a13 uoTIelol *3au pue

8°CT-
97
G ET-
8'ET
L°E1-
£TET
1°61-
L7 el

Yy w0 WY \D O

3

K3
'

SVRRVEINT, B Ta TN B es B A (o |
. .
'al

.JuNN

)1eD Sse

£ e~ 8 11~
9°Ct ATT11
€2t £€°C1-
9°0¢ 9°11
S 1¢ - Lget=
0°T¢ €' ¢
1°1¢- 1°¢1~
L 1¢ AT
S LE 6°¢cet
S 7
JuTod jurod

MMM NN
+ ]

= AN N3N

AR 2R 4
[ t

« ¢ o
W A NN
1

A NOO NSOV~

©3

0°91 -
6'S1- see

L -
£°ge- 0S1

0° 41 =
Lo~ St

L =

1°93- 0

g za-

1 48
rutod PEO]
“UTH

8G6°G1- 52
8y €1~ 0S1
€6°€1- S/
G9°€T- 0

2yl eyl aumssy

G6°G1- YA
0L°€T- oSt
SE"Y- St
06°Z21- 0

*sod jeyyl sunssy

doo1 >13roads jo s3urod o3 $932UT1PI00)

51 :3tun) 3utod 3ue3USH SyY3 JO JUADAOW 21T FO SWIST UT passaidxa ST uoTIBWIOID[ UL

00¢€
Y44
GST
SL

00¢
6e
0S1

00€

1144

0s1

SL

LDJON

- 3ou
*sod
*8au
*sod
-3au
-sod
*3au
*sod

67-8¢C
LT-9¢
Se-%¢
£Z-2¢

67-82
LZ-9¢
SC-%¢
£€2-7¢

67
8¢
1z
9¢
ST
e
te
c

swe 13 ur peol p2dnpaAay

-oN
asaj




sdoo] oTJ1oads x0J S83BUTL.N0D  pEORPIY

- "g9-y TTEVL

.ﬂ.cﬂv(n,n :3TUR) JUTCA 33WIUOS SYF SO JUAMMGACU SYL JO 6110} U DPSsaddXe [ UOJ;BWIOFep syl : 830N

s
o~
= $6°86 €Z°0L €0°F  08°0f- 06°93~ O 00€ S€-7¢
tectajeunls s dooy 97JFo=ds ayj 3BY3 SUMESY
0T°L6~ S0°05— 0L°8 - 66762 S£°99 O0L°J0T S7°05 SE°L 99°TE~ SVl O oog SE=¢
doci opjioads swes ay3 s.18 uor3eBIVI *dsL P *sod JBY] WNSEY
"6 €05 176 6°62- T99  L°00T- 6°0%- L°L- ETE 9L - - S€
€L - 267 £ (°0€ $*99 L°00T (019 0°L 0°ce~ E°L9- O 00€ e
oSt 06~ ot- ot 06 0eT Gé (0]9 (0] % o6~ seeid uy peYOT pednpay
€EE°9Y 02°3¢  06°7 €9°cT~ 0O%°0e= OST 0O €E-cE
GS°EY  £2°7¢  8E°G CO°1I~ S6°&= O 05T 1€-Cc¢
TE0Td3=wuls sT dooT ofJroad. 8y} 4WY3 ewmnssy
08°77= QL 5¢- 0OL°7=  S6°YI1  $8°62  68°LY  OL°72  OT°S CETET~ $6°06- 0ST 00€ (A% 41
ST LE°TE- 0E°G-  STTCT 0L°LeZ ST/ 0L Sv'9 G5°I1- o2*ge~ O© 0¢T 1€-of
do>71 o137cads auss ey3 &ATE UOL}BROL "cau F *sod 4EY)} ewMSSV
£sy  Tsz 19 7RI~ LT0E-  Ltuv= YUsZ- 6°S= €Tkl €016 - = *Beu ¢
€y €°9z-  £°¢€ -  S°IT 06 0°8Y oz L' €°€T~ B8°0€~ O0ST Of *sod 2¢
TET 6" v 6°5 9°Ct- T1'&- €7 9°ve- 99 9°Ti e - - *Beu Tg
S|y - L5y = £ £°82 ctr7 8°Z £‘9 S'I1~ 0°6e= © 0$1 *sod g
Sl G- ST~ ST 57 SL 7 ST s1- s swess uy pewol peonpey
(o 6 3 L G 4 v £ 2 T &
JUTSq FULod Jufoq FT04 3UTOd Suieg uiod FUEOL FuTod quiod pwWOT PpeCl Uory ‘og
CURK  CXw -0y Isel

"QT % ZTTg¢Y 'eON sdoO] 10L] PeBINO[ED £B COOT O7JTo& s Jo sjupod 04 6538UTPI00H



o

sdooy cygypoeds ICJ S23WA[PIC0D

peanpay

L-% o1quL

*(rut qooa :3jun) JuFod 32WIUDD &3 JO Juimeacm 8y} JO SWIe} UT pessaxixa ST UOTIWWIOJEp eyl :e3oy
GULST S°6YT 0769 49°0 - OY'E€9- ST°OCI- SE°OLI- 0°6Te- S°LSeT €6~ - $9°0 07°€9 SZ°OCT st°0Ll O°ble
€°58C §°67T  9°8S 2°0 - 2°C9 6°8li- 6°OLI- 6°8le- Ltége— 2°67T- 2°0L - T°1 9°™ 9°TZT 8°69T €751
oot sce 0ST GL 0 L= 0sT~ see- 00t~ see- 0s1- L - 0 SL (019 see
oC 'O %8s,
09°65T 62°86 SL°8Z OU°¥e~ ST°€L~ S2°8il- 09°651- S2°88 ~ sL°8z= OI°7zZ STU°E€L  S2°81l
¢°55T  1°88 9°8C 9'€z~ Y'eL~  Y°8Tl- 9°09T- 7'sE - 6°8~ 9' 6°€L T°stt
&2 0st SL (o} L= (0] of gee- oSt~ QL= (0] 9L 0st
T pAINSTY GE*T5 OL°€E  S$°71  §2°2— §O°6T- 00°9E~ SE"Is— O0T°€e~ S9°7T- TS $9°61 00°SE
st S1jaumds j7 uoOpIww
-1056p 333BOYDUL SUIT PAE £ 16 g'ee T 6° 1~ AL YOI TS 3 (Rl AR 1 S A - i T°0C  08°S¢€
(4°4F 5, _01) uozi® 2% oS of c ot- (0" o 06~ or oe~ 0 ot c9
~2533p SOLLECTPUT UL P
ZT "OR 359,
L5) 2EOT S2LSCFpuy 9uly 351 -
00°sc  0°9t Sl §G°T~ 68°6 = CI°LI~ 00°S2- 00°9T- 0S°L = 99°1 $8°6 oT°LT
LRcA/S, ¥
£°s¢ £°91 9°4 o 6°6 =  6°LI~ L L5 Tl - 91 8°6 £°91
S7 (]9 ST 0 s1- ce- sr- (o] 2t 1] 54 (0] ST ot
o YOI 358
st 24 7 19 43 Tt ot 6 8 L 9 < v £ % I
JUFC4  3uFcd SUT4 3UI0d UFed  SUFCd UTed IR FIFod UL JUTOS JUEEr  WUTOd JUTOL LIS JUTOq




e 1 =

1 s9119s 31s93 woal s3[nsoa jo Laewmg - “g-r FIIVL

atdwes jo Iajdwelp

TAT L6 =
106°0 = 013l ploA
zsd g°z1 = @2anssoad Bururyuod ] SOTJIS 3537 103 EIEP UOWNO]

PAULI AP

ple]

+1

O]

u

e
-2139p

-—

01

WA

19€°0

L11oedea
gutiduep
aaw«JULﬂ

079

0i¢

081

OU8

NC 7

‘Jo

008‘s 9 9L 804 c 'y 0 81
000° 21 €6y I"€S J 050° ¢ 0 A
00<* 71 0 St A ¢ 0 9¢2° 71 o o1

‘

00<°S1 60° L 9° 01 0 8I16°0 © 19 ¢
00€ €T 0" L 7°GE " Ge co.wanannluwmwman--Wmew
005° %t 1°¢1 £°01 1°¢9 0:0°1 060" € cr-11
2041 11 IANAY L 0€0° 1 0€C° 1 ol-6
00 %1 e 3°3 5° 19 SIS°0 S09° € 8-/
ooe v 61 9 8°'8 [ S18°0 €L6° ¢ 9-S
00t " -1 01°6 8°8 SRCIG S16°0 el H-t

16 ¢ 21 01°9 £°8 8°'8 cic o €16°0 -1

150 § e P e T . TR -
a /PRI .01 % % ‘ul-‘ql Cul--qi of

2anyyE:  SAnjits IE SRR <o

Je JUdWOK JUMON
511 Je 1Jewaojep juswouw jo JuZow Juawou jo Jusuouw
_rarte ~pnayTduy apnyvrdy TeIyINT annagidmw 1 LARRLN | 1897

o



AN

I1 sa1aas

*ur 46671
$8%°0
1sd ¢'g

1s23 woa3j s3[nsai jo Livwwn§ - -1 FIAVI

ajdues jo 1330uE Ip
o13ex pioa
= 2anssaad Sujurjuo:

1] Ss1a3S 131S5] 1ICY 2lEp UOWOD

sau- 19p
U gL 1
2£8°0 £28°C

16170 19¢°C

€51 0 <Lz o

o%s cot 01
00og 000° 11
029 0Cs* el
o) 00t v1

9°8S 0°S¢ 0
S°9¢ ST 9% c
o 11 $'¢2 (0]
s LA O 0

060° €

81¢°¢

LTHh 0

79%°0

C

9€

)1€°0 L£95°0
62°0 £5%°0
L1°0 £62°0
- 0] 0LS° 0
~1°0 174
0 “Z2°0
i'e l6l°
LU A3roeded
ED jurdure p

1 2i31d9dsg

Sl
€LL0
€LL°0
98€°0
98€°0
I8L°0

98€° 0

‘Ut qr

Jjuswow 3jo
apnj1jdmy

SuS° I
81IEL°¢T
£Li"0
¥00° ¢
T€6° 1
6S1°1

98¢ ° D

B S

jusliou
1213101

SE-vE
€€-2¢
1€-0¢
67-87
LZ-9¢
sT-%C

£z-¢¢

‘oN

08% 008°11 9°72 ST LL ST LE
209 00971 9 01 SL°81 YA 1Y
09 00S°F1 S6°6 SL° 81 SL 81
09 202°¢€1 60°S 8E°6 €97 59
C€9 90L €T 88" ¢ 8€°6 88°9Y
€9 006" €1 €8y 8¢€" & €1° 82
) 00L° €1 38"t 3€°6 8€°6

Dt b
1} 1sd /Re o B % %
- = = = sanyle; aanyiel
uoiseu 3B juamapl 38 JuSWol
Tnpow -1033p jO Jjuamce ¢ Juswow
1 PG TN opn 1 11day apnyiyduay 1eralug

IsaL



b4-29

! TRST INTTTAL AMDLUTUDE COEFFICLENT OF CREEP
=) NO. HMOMENT OF MOMENT Assume symmetry
in.-lbs, Uak =it - R
i 10 in in~" in 10672 raa /an
! c.315 0.515 15.0 3.8 0.9
2 5 - 2.5
L.uh 0,315 919 3 & 8 ) 0
‘e - 8.0
; 2.575 0.51 +18.5 18.6 ol
. 5 X ’ -18.7
7 " = +33.2
7o .60 0.515 21.6
i e P 3 -10.0
B
(o] .
9. - 1.039 1.030 4 9.8 8.3 L.9
10. 6.7
! 1 3.090 1.030 113.5 31 8 7.3
l 12, £ -30.5
13 2 ‘*3(’.‘0 " b
C .06 .06 3. 6 5
} i o 2.060 2.060 . 2
o
15. > 0 0.618 No ereep was observed tor
16, 0 1.236
17. 0 3.090 large loop nurbers.
18. G 4,120 L
22, + 6.8 .
23, U, 380 0.386 1.0 4.9 1.
24, +10.6 x
5 1.159 0.386 -n 17.5 4.0
26. 118.0 . 2
27, a 1.931 0.386 2600 12.0 2.7
3B a . ;. 456.5 [ \
Y " 2.704 0.386 g 56.5 12.9
&
30. + 6,2
77 0, A .
' T 0.773 773 "1 5.5 1.2
32 € . +52.6 .
2.318 0.77 B 55.6 12.
3. e 2 3 -58.6 b !
=)
/. @ 1.545 1.545 +42.3 41,7 a5
35. © +40.0
°d
36. 0 0.464 No creep was observed fcr
37. 0 0.927
38. 0 2,118 large loop numbars.
39, 0 3.090

Note: For definition see Equation (4-1)

TABLE 4-10. - Coefficients of Creep







V. CONCLUSTONS

"ae conclusions obtained frem this study nece rily appl; to
granviar svils which have been subjectvd Lo several load repetitions and
have rcached a relatively stable condition. This corresponds to con-
struction conditions where (he soil has been pru-vibrated or pre-cempacted
to eliminate the disastrons secttlements which may accompuany the first dy-
namic load application on lovse granular soils.

From the steady state vibration tests on granular materials, the
results for the Ottawa sand and glass beads gave results which should
be typical for sands with rounded grains. A detailed discussion of these
results is given in Section III-D and the more important conclusions are
listed below:

1. Both the shear and compression wave velouities decrease as the
anplitude of vibration is incrcased. This decrease may be as
much as 16 Lo 15 per cent as the double amplitude is increased
from 1 x 1072 to 3 x 10'3 rad, in the shear tosts or from
1 x 1079 to 2.5 x 1\')-3 in, in the compression tcsts. he
stresses developed at the maximum omplitudes were as high as
20 per cent of rhe farlnre stress in some tostn,

2. The effects on wave velocities produced by changes of void
ratio from the densest ro the luvsest condition is also about
10 to 15 per cent. Thus void ra:io changes and changes of ampli-

tude influence the wave velociities by comparable amounts.
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Tl < v Jus dl niffcantly atse v changes in
R MUl indic wted on the sim » Figs. 3-38
through 3=} fou conl ining pirosures avove 2000 1b /te.? the
riation of wave veleoity is with toe 0 25 power ol the cou-
fining pressure tor the Ottawa sand and o lass boeaus No. 2847
The variat 101 wa ith tne 0 21 power of pressure for tae
glass boods Noo (0L Both of these values are greater than
the 0,167 power piven theoretically for the telation between
wave velocity and contining pressure
For dry Ottawa sand the logarithmic decrement varies with about
the 0.23 power of omplitud. Saturated Otiawa sond shows Llittle
variation of togarithmic desvement with amplitude.  Toeretore,
the amount of damping contributed by the water app. atly in-
credses as the amplitude of vibrevion decreases.  The var fat fon
of logatitumic decrement with anplitude for giass buads Bu, 2847
fs with the 0,38 power for the dry condition and with the 0,15
powetr whien saturated with wator.
The damping determined from the decay of steudy state vibrations
in samples of rtounded graunular materials hohaves Like viscous
damping. The values of logarithmic decrement varied from 0 N2 to
about ©.20 for Lhe various materials and test conditions uscd
The static torsion tests on dense Ottaws sand were vun pilwarily
to indicate the effect ot amplitudes which approached the failure
conditions. Figure 4-0 (p 4-16) illustrates the variation of
damping quantitics with torsional loads up to 75 per ceat of the
failurc load for the two cenfining pressures used Large values

of damping atc associated with loads near fajiure.
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¢ 50CC0NG pUrpo for the :ratic damping tests was o evaluate
the etfoets of stiess histuey on the dauping values., The test
1sing equal plus and minus Lurques (symmeliicai Lests) showed
nigher values of damping than for the Lests using comparabli
torque magnitudes applied in one direction only (unsymmetrical
cwsts), I the latter Lests the damping characteristics could
be described in terms of a specific luop, a shape of the hysters

csis loop, amd a coetticlent ¢t creep, which relates the mean

strain in the loop Lo the numher of loop applications. This
creep effect appeared to be continuous, varying almost linearly
with the logarithm of che number of loops, and the creep rate
increased with the torque amplitude.

8. Values of the logarithmic decrement obtained from the symmetrical
static torsion tests were approximately the same as those obtained
from the dynamic tests, for comparable test conditions.

9. Values of shear wave velocity computed using the hysteresis
modulus from the static shear tests were 10 to 20 per cent lower
than the correspcnding values measured in the dynamic tests

Dynamic tests on the Novaculite No. 125G, a very finz-grained crushed

quartz, produced results which were somewhat diff{erent from those obtained
from the larger grained materials. The primary ditterercc is that the wave
velocity end damping values obtained from laboratory tests are dependent

apon the stress history and upon the time the loadlioyg has been applied. The
wave velocity increases slightly as a particular confining pressure continues
to be applicd tu a specimen., However, it was alsc found that higher ampli-
tudes of vibration tend to destroy this time-dependent increase in velocity.

Further investizations are required in order to evaluate the time-dependent




;l-sl
e in ¢ velodley (and wecrcases of damping) aud the vibrational
v ired o destroy this gans,
For comparasle couditiers ot confining pressure and arplitude ot

brat1ons, the Novaculite No 1250 bas o significantly lower value of
logarithmic decrement than that for the Ottawa sand  This is iuv Line
with the tost resules for the glass beads No. 0017 which are considesably
lower than for the larger diameter glass beads or Ottawa sand  Thus the
value of logavithmic decrement seems Lo decrease as the average grain
size ducreases,

Finally, 1t should be re-vmphasized that tie tests descr ibed hervein
are concerned with the wave propagation and damping in granular materials
which are in a stable condirion. Because the deformations are recovezable
when the stresses are below about 20 per cent of the failure stress, the
behavior of the raierial in this range has been termed "elastic' although
damping is definitely present. The order of magnitude of the logarithmic
decrement is generally below 0.2 for the test conditions used. This
defines a value of E%in = .03 if a steady state response is Lo be
considered. The damping due to dispersion of clastic waves in an ideal
medium can be estimated by procedures similar to that illustrated in
Section TT-D. A value of /§7€}e , corresponding to g/akx , can
be expressed by

/Ny 2 do (f‘dl Ve = (0,25

where zﬁ::/3%4éc? tor the oscillating footing. 'Thus a comparisou cun be
made between the material damping and dispersion damping [or a given founda-

tion system,
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